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“Imagination is more important than knowledge. Knowledge is
limited. Imagination encircles the world.”

Albert Einstein



ABSTRACT

Pertussis, also known as whooping cough, has recently re-emerged as a major threat to
the global health despite the existence of high levels of immunization against the
causative agent, Bordetella pertussis. The Gram-negative bacterium colonizes ciliated
respiratory epithelia of lower airways in humans and appears to excel in suppression of
host immunity during early phases of infection.

The current acellular pertussis (aP) vaccines against pertussis consist only of a few
selected antigens (pertussis toxin, filamentous hemagglutinin, pertactin and/or fimbriae).
The absence of adenylate cyclase toxin (CyaA) in the current aP vaccine formulations
likely accounts for the increasingly apparent failure of the aP vaccines to confer a long-
term protection against whooping cough in highly vaccinated populations, as opposed to
the efficient whole-cell pertussis vaccines that have been used for decades. This is because
CyaA annihilates the bactericidal functions of the sentinel cells of innate immunity by
paralyzing the opsonophagocytic bactericidal activities of phagocytes, such as neutrophils
and macrophages. Due to the protective and immunosuppressive roles performed in
Bordetella infections, CyaA toxoid is currently considered an ideal candidate for
inclusion in the next generation of aP vaccines.

CyaA can enter eukaryotic cells and perform cytotoxic and hemolytic activities, both
of which are calcium-dependent. CyaA harbours two different classes of calcium-binding
sites, low affinity calcium-binding sites that appeared to be critical for the cytotoxic
activity of the toxin, and high affinity calcium-binding sites important for the membrane
binding capability and the hemolytic activity of CyaA. While the low affinity sites are
located in the RTX (repeats in toxin) domain of the toxin, the location of the high affinity
sites is still unknown. Analysis of the C-terminal part of the acylated segment of CyaA
(residues 908-1008) revealed that there are two blocks of amino acid residues with a
pattern similar to that of the highly conserved calcium-binding sites of the RTX domain,
exhibiting a consensus sequence GGxGxD. Therefore, using site-directed mutagenesis,
we intended to test the hypothesis that the two blocks of amino acid residues in the
acylated segment of CyaA might form the high-affinity calcium-binding sites that could
play a key role in CyaA membrane binding (membrane insertion) and pore-forming
(hemolytic) activities. Therefore, the present work has two main objectives: (1)
construction, isolation and purification of CyaA variants with substitutions in the
predicted calcium-binding sites and their characterization by functional assays and by
planar lipid bilayer electrophysiological measurements, and (2) construction, isolation
and purification of the C-terminal part of the acylated segment of CyaA (CyaAgos-1008)
and its variants, as well as their characterization by liquid chromatography-mass
spectrometry and circular dichroism spectroscopy.

In this work, we have been able to express and purify CyaA-derived proteins carrying
non-conservative mutations in blocks I and Il of the acylated segment of the toxin and
compare their activities (membrane binding, AC domain translocation, pore-forming
activity) with the wild-type toxin. We observed that some of the introduced substitutions
abolished the binding and invasive AC activities, as well as the pore-forming capacity of
CyaA on both mammalian cell membranes and artificial planar lipid membranes.
Furthermore, we have been able to express and purify a CyaAgos-1008 polypeptide, as well



as its mutant variants carrying mutations in the predicted calcium-binding sites. Results
from circular dichroism spectroscopy on CyaAaqos-1008 Variants indicated the existence of
two calcium-binding sites in CyaA, one located in block I and the other located in block
Il of its acylated region.

The obtained results are the basis for future investigation, especially for deeper
structural characterization of the C-terminal part of the acylated domain of CyaA, namely
X-ray crystallography and nuclear magnetic resonance studies.

Keywords: Whooping cough, Bordetella pertussis, CyaA, adenylate cyclase toxin,
calcium-binding sites



RESUMO

A coqueluche ou pertussis, € uma doenca respiratoria infeciosa de alto contagio, sendo
mais comumente conhecida como “tosse convulsa” por causa da tosse caracteristica a ela
associada. O agente etiologico principal é a bactéria Gram-negativa Bordetella pertussis,
no entanto alguns casos estdo associados ao microrganismo relacionado B. parapertussis.
O agente pode ser transmitido por goticulas aerossolizadas sendo que, apds a inalagéo, as
bactérias colonizam os epitélios respiratérios ciliados das vias aéreas inferiores em
humanos, onde exercem um papel na supressédo da imunidade do hospedeiro durante as
fases iniciais da infegao.

Apesar da disponibilidade e do uso mundial de vacinas contra a tosse convulsa, esta
continua a ser a doenca menos controlada entre as que dispdem de vacina¢do, mesmo em
paises com altas taxas de imunizacao, os quais tém experimentado um aumento nos casos
de coqueluche nos ultimos anos. Como esta doenca pode ser fatal para os recém-nascidos
ndo vacinados, a reducdo da disseminacdo da bactéria Bordetella pertussis por meio da
compreensdo dos seus mecanismos de acdo bioldgica, associado ao desenvolvimento de
vacinas mais eficazes contra a cogueluche, poderia ajudar a interromper o ciclo vicioso
de colonizacdo e transmissdo. As vacinas acelulares (“acellular Pertussis”, aP) atuais
contra a tosse convulsa tém na sua composicdo apenas alguns antigénios selecionados de
B. pertussis (toxina pertussis, hemaglutinina filamentosa, pertactina e/ou fimbrias). A
auséncia da toxina adenilato ciclase (CyaA) na atual formulagdo das vacinas aP é
considerada uma das possiveis causas para a falha cada vez mais aparente no
desenvolvimento de uma protecdo de longo prazo contra a tosse convulsa em populagdes
altamente vacinadas, em oposi¢ao a eficacia das vacinas celulares (“whole-cell Pertussis”,
wP) que tém sido usadas ha décadas, mas que podem causar distirbios neurolégicos
graves, entre outros efeitos colaterais. Isso ocorre porque CyaA aniquila as funcoes
bactericidas das células sentinelas da imunidade inata, paralisando as atividades
bactericidas opsonofagociticas dos fagdcitos, tais como neutrofilos e macréfagos. Devido
ao seu papel protetor e imunossupressor desempenhado nas infecdes por Bordetella, o
toxoide CyaA é atualmente considerado um candidato ideal para a inclusdo na proxima
geracdo de vacinas aP.

B. pertussis produz uma série de fatores de viruléncia que a permitem superar as fungdes
de defesa imune inatas e adaptativas da mucosa aérea do hospedeiro, tais como as toxinas
pertussis e CyaA. CyaA é uma proteina (1706 residuos aminoacidicos) formada por
varios dominios, desempenhando um papel particular nas fases iniciais da infecéo por B.
pertussis. Possui um dominio catalitico adenilato ciclase (AC) localizado nos ~400
residuos N-terminais, o qual depende de calmodulina eucariotica (CaM) para a sua
atividade enzimatica, e uma porgdo C-terminal (~1300 residuos) responsavel pela
translocacédo deste dominio AC, bem como para o fendtipo hemolitico de B. pertussis. A
presenca de um segmento de ~100 residuos ligando os dominios enzimaticos e
hidrofobicos de CyaA (residuos 400-500) é crucial para a translocagdo do dominio AC
através da membrana plasmatica e para a regulacéo da atividade de formacao de poros da
toxina. O dominio hidrofobico, que abrange os residuos 500 a 700, contém pares de
residuos de glutamato carregados negativamente localizados nos segmentos hidrofébicos
que estdo envolvidos no controle da taxa de formagdo, seletividade catidnica e tamanho
dos poros formados por CyaA. Apos a acilacdo especifica de residuos de lisina internos
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(K860 e K983) por uma aciltransferase (CyaC), a toxina € convertida a partir de um
precursor inativo, proCyaA, na sua forma ativa. Estes residuos de lisina estdo localizados
na regido acilada compreendida entre os residuos 800 a 1000, e a sua modifica¢do pos-
traducional é necesséria para as atividades citotoxicas (translocacdo do dominio AC) e
hemoliticas (formacdo de poros) de CyaA, bem como para a conversao da toxina numa
holo-proteina monomérica. A metade C-terminal de CyaA (residuos 1006 a 1706)
compde o dominio de ligacdo ao recetor celular e exibe varias caracteristicas comuns a
todas as proteinas pertencentes a familia RTX (repeats in toxin), tal como as repeticoes
nonapeptidicas de glicina e aspartato do protétipo GGxGxD (onde x representa qualquer
aminoéacido). Estas repeticdes formam os numerosos (~45) locais de ligagédo a célcio de
CyaA. Os motivos RTX sdo intrinsecamente desordenados e sdo caracterizados por uma
carga global média negativa na auséncia de calcio, que é parcialmente neutralizada com
a ligacdo do mesmo, favorecendo uma transicao de estrutura desordenada para ordenada.
Assim, CyaA € uma proteina de ligacdo a calcio que sofre alteracGes conformacionais
apos se ligar a este catido. A secrecdo de CyaA através do involucro bacteriano envolve
um sistema de secrecdo do tipo | (T1SS), constituido pelas proteinas CyaB, CyaD e CyaE,
o0 qual exibe 0 mesmo mecanismo de translocacdo de HlyA, a a-hemolisina da familia
RTX de E. coli, que usa o aparelho HIyBD/TolC. Apoés a secre¢do, a ligacdo a calcio
presente no meio extracelular leva a alteragdes conformacionais do dominio de ligacdo
ao recetor celular de CyaA, tornando-se numa estrutura estavel. Esta conversdo induzida
pelo célcio no dominio de ligacdo ao recetor € necessaria para a atividade bioldgica de
CyaA. Uma vez secretado, este dominio liga-se a subunidade CD11b do recetor
CD11b/CD18, que é expresso em celulas mieloides como macrofagos, células
dendriticas, neutrofilos e células NK (“natural killer cells”), e que s&o os alvos primarios
de CyaA in vivo. No entanto, CyaA pode-se ligar com eficécia reduzida a uma variedade
de outros tipos celulares que ndao expressam a integrina CD11b/CD18, como eritrdcitos
ou células epiteliais. Apo6s penetracdo da membrana da célula eucaritica (contendo ou
ndo o recetor CD11b/CD18), a proteina CyaA liberta 0 seu dominio AC no citosol da
célula alvo. Neste compartimento, a enzima adenilato ciclase é ativada pela ligacdo da
calmodulina citosélica e catalisa uma conversdo extremamente rapida (Kcar~2000 s?) e
descontrolada de ATP em cAMP. A acumulacdo desta molécula de sinalizacdo subverte
a fisiologia celular e suprime rapidamente as funcdes bactericidas dos fagdcitos.
Paralelamente, a porcdo hemolisina oligomeriza em poros seletivos para catides e
permeabiliza as células para o efluxo de ides potassio citosolicos.

A toxina CyaA é capaz de penetrar as células eucariéticas e realizar atividades
citotoxicas e hemoliticas, ambas dependentes de calcio. CyaA possui duas classes
diferentes de locais de ligacdo ao calcio, locais de ligagdo ao célcio de baixa afinidade,
importantes para a atividade citotoxica da toxina, e locais de ligagdo ao célcio de alta
afinidade, importantes para a capacidade de ligagdo a membrana e a atividade hemolitica
de CyaA. Embora os locais de baixa afinidade estejam localizados no dominio RTX da
toxina, a localizagdo dos locais de alta afinidade é ainda desconhecida. Uma analise da
regido C-terminal do segmento acilado de CyaA (residuos 908 a 1008) revelou que
existem dois blocos de residuos de aminoacidos com um padrdo semelhante ao dos locais
de ligacéo ao calcio altamente conservados do dominio RTX, exibindo uma sequéncia
consenso GGxGxD. Deste modo, usando mutagénese dirigida, testou-se a hipétese
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de estes dois blocos de residuos de aminoacidos no segmento acilado de CyaA formarem
os locais de ligacdo ao calcio de alta afinidade, os quais desempenhariam um papel
fundamental na ligacdo a membrana e atividade hemolitica de CyaA. Portanto, o presente
trabalho teve dois objetivos principais: (1) construgéo, isolamento e purificacdo de
variantes de CyaA com substituicdes nos locais previstos de ligacéo ao célcio, seguido da
sua caracterizagdo funcional em ensaios de atividade e por medicdes eletrofisiologicas
em preparacGes membranares de bicamadas lipidicas, e ainda (2) construgdo, isolamento
e purificacdo da parte C-terminal do segmento acilado de CyaA (CyaAgos-1008) € suas
variantes, bem como a sua caracterizacdo por cromatografia liquida acoplada a anélises
de espectrometria de massa e de espectroscopia de dicroismo circular.

Neste estudo, conseguiu-se expressar e purificar variantes de CyaA que continham
mutagdes ndo conservativas em ambos os blocos | e 1l do segmento acilado da toxina, e
comparar as suas atividades (ligacdo a membrana, translocacdo do dominio AC e
atividade hemolitica) com a proteina nativa. Observamos que algumas das substituicdes
introduzidas aboliram as atividades de ligacdo e as atividades invasivas da enzima AC,
bem como a capacidade de formacédo de poros de CyaA, tanto em membranas de células
de mamiferos, como em membranas artificiais. Além disso, conseguimos expressar e
purificar com sucesso o polipeptideo CyaAgos-1008, bem como as suas variantes mutantes
que continham mutagdes nos locais previstos de ligacdo ao célcio. Os resultados de
espectroscopia de dicroismo circular nas variantes de CyaAagos-1008 indicaram a existéncia
de dois sitios de ligacdo ao calcio na toxina CyaA, um localizado no bloco | e outro
localizado no bloco 1l da sua regido acilada.

Os resultados obtidos sdo a base para investigacdes futuras, especialmente para uma
caracterizacdo estrutural mais aprofundada da parte C-terminal da regido acilada de
CyaA, nomeadamente estudos de cristalografia de raios-X e ressonancia magnética
nuclear.

Palavras-chave: Tosse convulsa, Bordetella pertussis, CyaA, toxina adenilato ciclase,
sitios de ligagéo ao calcio
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1. INTRODUCTION

1.1  Pertussis
1.1.1 Disease

Being recognized since the sixteenth century, pertussis was first described in the
seventh century as “the cough of 100 days™ and later referred in France as “quinte”, due
to the 5 hour periodicity of the paroxysms observed in acute episodes of disease [1,2].
Also known as whooping cough (because of its characteristic cough), pertussis is
considered a highly contagious infectious disease of the respiratory tract which is mainly
caused by the Gram-negative bacterium Bordetella pertussis [3,4]. Despite the
availability and world-wide use of pertussis vaccines, whooping cough remains the least
controlled vaccine-preventable disease with about 16 million cases and 200-300 thousand
deaths occurring per year worldwide [5].

The reservoir of B. pertussis is exclusively human [6,7] and the bacterium is transmitted
by aerosolized droplets from cough or sneeze. B. pertussis infects the ciliated epithelial
cells of the airways, where bacteria multiply and resist elimination by inflammatory cells,
and may reach the bronchioles and lung alveoli of the host [8,9]. Although the disease
affects especially young children and non-vaccinated new-borns and infants, adolescents
and adults can also be infected, thus serving as carriers of the pathogen [10]. Many studies
have highlighted the role of close household members, like mothers and siblings, as the
main source of pertussis transmission to infants, putting them at the greatest risk of severe
outcomes of this disease [11-13]. While one might think that symptomatic disease is
required for transmission, prolonged close contact with infected individuals with
asymptomatic disease appears to be sufficient for transmission [7,14].

The clinical presentation of the disease including severity and duration of symptoms
may vary depending on patient age, vaccination status, previous infection, as well as co-
infection with other pathogens [15]. Following initial infection, the incubation period of
B. pertussis usually lasts from 7 to 10 days, but it can range from 5 to 28 days [4]. After
infection and incubation, the typical presentation of the disease involves three consecutive
stages lasting from about 1 to 3 weeks each: catarrhal, paroxysmal, and convalescent,
wherein patients remain infectious for 3 weeks following symptoms onset if left untreated
[1,16]. The catarrhal phase is the most infectious one and patients develop mild symptoms
like cough, sore throat, runny nose, and conjunctivitis similar to other infectious diseases,
making the diagnosis process more difficult at this stage. The gradual increase in cough
frequency characterizes the beginning of the paroxysmal phase, where patients
experience repetitive series of severe coughing episodes followed by a characteristic
inspiratory whoop and/or vomiting. In the third phase, the frequency, duration, and
severity of coughing episodes gradually decreases. However, cough paroxysms patterns
can recur in case of another viral respiratory infection [1,2,4]. In severe cases, clinical
complications such as apnea, pneumonia, convulsions, pulmonary hypertension, extreme
lymphocytosis, as well as co-infections with respiratory viruses occur among infants who
have not completed vaccine series, leading ultimately to respiratory failure and death.
Older patients can develop symptoms like insomnia, apnea, weight loss, urinary



incontinence, syncope and rib fractures. However, unlike infants, these patients rarely
develop pneumonia or require hospitalization [1,3].

1.1.2 Diagnosis

Early recognition of pertussis might facilitate an effective clinical management of
patients, as well as limit the spread to other susceptible people. The accurate diagnosis of
B. pertussis infection is dependent on the clinical presentation of the disease and
progression of the symptoms previously described. The diagnosis of pertussis in the
catarrhal phase can be usually confused with other viral infections that mimic the signs
and symptoms of Bordetella infection. Furthermore, pertussis can be also manifested by
atypical clinical symptoms in neonates and adults, which makes the recognition process
difficult, leading to significant delays in treatment [1]. Therefore, it is extremely
important to apply rapid and reliable laboratory diagnostic technics, which involve
obtaining a nasopharyngeal specimen, as well as keeping the clinical and public health
management informed. Polymerase chain reaction (PCR) based assays are the most
common methods used in the diagnosis of pertussis, having the advantage of higher
sensitivity and continually improving specificity compared to the existing culture and
serological assays [17,18].

1.1.3 Treatment

Healthcare providers generally treat pertussis with antibiotics, but other strategies can
be used including corticosteroids, bronchodilators, antihistamines, or pertussis-specific
immunoglobulins. However, these methods are not usually recommended as there is a
lack of evidence about their effectiveness [19,20]. For severe cases of pertussis, exchange
transfusions can also be done with some success, especially when applied early in the
disease course [21].

For an effective treatment, antibiotics are recommended not only for confirmed cases
but also for close contacts as postexposure prophylaxis (PEP). When given early in the
course of the disease (optimally during the first 3 weeks), antimicrobials may attenuate
severity and duration of the disease, as well as help cleaning the nasopharynx from B.
pertussis and preventing its spreading to other susceptible individuals [1,4]. Therefore,
the antibiotic treatment should be considered on the basis of a clinical diagnosis even
before the laboratory confirmation [1,22]. Macrolide antibiotics such as erythromycin,
azithromycin, or clarithromycin constitute the principal treatment for children and adults
with pertussis as well as for PEP [23]. However, treatment with erythromycin can be
associated with adverse events in neonates less than 1 month old, such as hypertrophic
pyloric stenosis [24]. In these cases, azithromycin is usually the preferred option not only
because it allows for less frequent dosing, resulting in better adherence to therapy, but
also because unlike erythromycin and clarithromycin it has limited, if any effect on the
cytochrome P450 system [25]. Trimethoprim-sulfamethoxazole can be used as an
alternative agent to macrolides in cases of allergy, intolerance, or infection with some
macrolide-resistant strain of B. pertussis [4].



1.1.4 Prevention

Despite the high vaccination coverage, worldwide pertussis is ranked among the 10
leading causes of childhood mortality, which leads to question the limits of current
pertussis vaccination programmes [26,27]. In 1934 (prevaccine era), the greatest number
of pertussis cases (26,000 cases per year) was reported to the U.S. Centres for Disease
Control and Prevention (CDC) [28]. Pertussis vaccines have been introduced in many
countries in the 1940s and 1950s, and since 1974 immunization against pertussis has been
recommended by World Health Organization (WHO) [29].

There are two types of pertussis vaccines: whole-cell (wP) vaccines consisting of the
entire B. pertussis bacteria that have been inactivated either by heat, or treatment with
formalin; and acellular pertussis (aP) vaccines consisting usually of 1 to 5 purified
components of B. pertussis, including detoxified forms of pertussis toxin (PT) either alone
or in combination with other B. pertussis components such as filamentous hemagglutinin
(FHA), pertactin (PRN) and fimbriae (FIM) types 2 and 3. Depending on vaccine type
and manufacturer, the composition and amount of pertussis antigens differs. Both wP and
aP vaccines are usually combined with diphtheria and tetanus toxoids in combinations
called diphtheria-tetanus-pertussis vaccines (DTwP or DTaP). More recently, some
pertussis vaccines are also combined with other vaccines such as hepatitis B,
Haemophilus influenzae type b, or even inactivated poliovirus [27,29]. Routine infant
vaccination against pertussis is comprised of three primary doses of DTaP, administered
at 2, 4, and 6 months of age, followed by two booster doses at 15 to 18 months and 4 to
6 years [30].

Following introduction of wP vaccines in the late 1940s, the number of reported cases
rapidly decreased, reaching an historic low of 1010 cases in 1976 in the United States.
However, in 1970s focus gradually shifted towards side effects after immunization [8,30].
Adverse reactions such as local pain, redness, induration at the injection site, fever,
drowsiness, irritability and anorexia are frequently associated with wP vaccines. More
severe reactions are uncommon and rare [4,27]. As the frequency of adverse reactions
tends to increase with age and with the number of injections, wP vaccines are not
recommended for children aged >7 years, adolescents and adults [29]. Efforts to develop
improved pertussis vaccines were made, resulting in the subsequent development of aP
vaccines in the late 1990s [31]. Because aP vaccines contain minimal to none amount of
the lipopolysaccharide (LPS), they are less reactogenic than wP vaccines, but
unfortunately also less effective [4,8,28]. Although the frequency of adverse events
following primary aP immunisation is very low or zero, with each successive aP dose the
frequency and severity of local reactions tend to increase. Thus, aP vaccines with reduced
antigen concentrations have been developed for adolescents and adults [29].

Vaccine-induced immunity to pertussis is not lifelong, and although differences in the
immune response triggered by both types of pertussis vaccines (WP and aP) exist, cellular
immunity is considered to play a pivotal role in both cases [1]. Some studies highlighted
the role of cellular immunity induced by wP vaccines (that is similar to that induced by
natural infection) in the clearance of a B. pertussis primary infection and protection
against rechallenge, consisting in a Thl-like response with elevated production of T-
helper-cell type 1 cytokine IFN-y, and low/no production of type 2 cytokines (IL-4 and



IL-5) [31,32]. More recently, a study conducted using the baboon model showed that
previously infected animals and wP-vaccinated animals possess a robust Th1/Th17
memory, while aP vaccination induces higher Th2 but lower Th1/Th17 responses,
decreasing symptom severity but not transmission [33]. Nevertheless, due to the
demonstrated similar efficacy and improved safety over wP vaccines [34,35], aP vaccines
have gradually replaced wP vaccines in many developed countries. However, the
significantly higher production costs associated with aP vaccines make the wP the vaccine
of choice in many developing countries [27].

1.1.5 Resurgence of pertussis as a public health threat

After introduction and widespread use of pertussis vaccines, dramatic epidemic cycles
have been registered in the past 30 years [36,37]. Despite the cyclic nature of pertussis,
with peaks occurring every 3 to 5 years, in 2012 the greatest burden of pertussis in 60
years was registered, with about 48,000 cases and 18 deaths reported to the U.S. CDC,
even though there were other outbreaks occurring in 2004, 2005, and 2010 [8,30]. Besides
that, vaccination against pertussis led to alterations in the epidemiology of the disease. In
the prevaccine era, pertussis incidence was mainly linked to children between 6 months
and 2 years of age. In contrast, it is now becoming more frequent among adolescents and
adults [27]. This alterations in pertussis epidemiology have been reported not only to the
U.S. CDC but also to the European Centre for Disease Prevention and Control (EUVAC).

Several factors have been attributed to this shift in the epidemiology of pertussis,
including B. pertussis strain adaptation, waning immunity after immunization with aP
vaccines, the spread of other Bordetella species, as well as increased awareness and
diagnostic capabilities [1,4,27]. There is evidence that the switch from wP vaccines to aP
vaccines is the most important factor that explains the underlying causes that had
precipitated the global increase in a disease that had been so well controlled for decades.
Studies performed in different states of U.S. after 2012 pertussis outbreak found a
significant decrease in DTaP vaccine efficacy in adolescents over time, indicating that
waning immunity is likely to play a major role in increasing pertussis incidence in this
age group [38,39].

Beyond the increased incidence among adolescents and adults and corresponding risk
of transmission to susceptible individuals, older children affected with pertussis are often
fully vaccinated in accordance to the recommended vaccination guidelines [40]. A study
conducted during the transition to aP vaccines found an increased risk of developing
disease in children vaccinated only with aP vaccines comparing to those who have ever
received prior wP vaccines as part of their primary series [41]. To avoid the increase of
infections in this age group, in 2005, the Advisory Committee on Immunization Practices
(ACIP) recommended the inclusion of a single dose of a tetanus toxoid, reduced
diphtheria toxoid, and acellular pertussis (Tdap) vaccine in the pre-existing vaccination
programs [42]. However, the lack of evidence on whether the resurgence of pertussis is
exclusively related to waning immunity with aP vaccines or even related to differences in
the immune response triggered by these vaccines makes unclear the benefits of this
approach [8].



To protect those at higher risk of this disease, several strategies have been put into place.
The “cocooning” strategy consists of immunizing close contacts (parents, siblings, and
grandparents) after the birth of a new child to prevent the transmission of the disease.
However, the implementation of this strategy is often impeded by logistics and cost-
effectiveness issues. Another strategy includes the passive transfer of pertussis antibodies
to infants (transplacental transfer) by immunizing pregnant women [27]. Although
several studies have shown an efficient transfer of antibodies against pertussis from
vaccinated mothers to babies via the placenta [43,44], there are still some concerns
associated with this strategy [1,37]. Therefore, in 2012, the ACIP advised TdaP vaccine
for pregnant women without respect of the interval between pregnancies [45]. Another
approach would be starting immunizing infants at birth, with shorter intervals between
doses, which would still leave new-borns vulnerable until protective antibody levels are
achieved. Furthermore, the potential risk of interference with the antibody response to
other recommended vaccines, such as the hepatitis B, H. influenzae type b and diphtheria
vaccines highlights the weakness of this approach [27]. Other possibilities include the
reinstitution of DTP vaccines and addition of another B. pertussis antigens (like CyaA or
BrkA antigen) to existing DTaP vaccines [1].

The re-emergence of pertussis as a global public health threat clearly demonstrates the
need for the development of more effective vaccines that have an improved safety profile
and confer long-term immunity. In the absence of better vaccines, the development of
better treatment strategies is crucial, in order to protect young infants from pertussis. The
achievement of this goals is dependent on a better understanding of the etiological agent
of the disease, as well as the molecular mechanisms of B. pertussis pathogenesis, which
will be described in the following sections.

1.2 The genus Bordetella

Members of the genus Bordetella include human and animal pathogens within the
family Alcaligenaceae, comprising 10 main species: B. pertussis, B. parapertussis,
bovine-associated B. parapertussis, B. bronchiseptica, B. avium, B. hinzii, B. holmesii, B.
trematum, B. petrii, and “B. ansorpii” [1]. However, only B. pertussis, B. parapertussis
and B. bronchiseptica are the most relevant species regarding mammalian infection, and
due to their very close phylogenetic relationship these strains are collectively referred as
B. bronchiseptica cluster [2,8,46].

Moreover, the genus also contains a number of additional and more distantly related
species. For example, B. avium and B. hinzii are both bird pathogens, however B. hinzii
has also occasionally been described to affect humans. B. holmesii has been associated
with septicaemia and pertussis-like disease in humans [2,47]. B. trematum and B. ansorpii
are not associated with respiratory tract infections but were isolated from human ear
infections and skin wounds. B. petrii represents the first Bordetella species isolated from
the environment, being further isolated from immunocompromised patients with ear
infection and pulmonary disease. Furthermore, novel environmental Bordetella species
have been obtained recently from mural paintings in ancient tombs [47].



1.2.1 B. bronchiseptica cluster

Despite the genetic proximity among the three species belonging to the B.
bronchiseptica cluster, they differ in several phenotypic traits such as growth
characteristics, several biochemical particularities, as well as differences in their host
range and severity of disease they cause [8,46]. B. pertussis is a strict aerobe and human
pathogen with no known animal or environmental reservoir. B. parapertussis can be
divided into two distinct lineages: the human-adapted B. parapertussisHy, Which is less
capable of causing severe pertussis in humans compared with B. pertussis, but still
responsible for a limited number of cases; and the ovine-adapted B. parapertussisoy,
which causes choric infection of respiratory tract in sheep. In contrast, B. bronchiseptica
has a broad host range, causing chronical and often asymptomatic infection in a wide
range of animals and even humans [2,8].

Phylogenetic analyses together with comparative genome sequencing support the
hypothesis that both B. pertussis and B. parapertussis+y have evolved independently from
different B. bronchiseptica-like ancestors [2,48,49]. Concomitant to the transition by B.
pertussis and B. parapertussisny to the human-restricted niche there was a considerable
increase in the number of insertion elements, an accumulation of pseudogenes, many
chromosomal rearrangements and a big reduction of their genome size, thus narrowing
their metabolic potential and keeping most virulence factors in the streamline genomes
of these human pathogens [49,50]. Moreover, multilocus sequence typing studies of
Bordetella isolates have established two distinct B. bronchiseptica complexes, complex |
and 1V, with the majority of B. bronchiseptica complex IV strains being isolated from
humans, as opposed to the primarily animal origin of B. bronchiseptica complex |
isolates. Based on whole-genome sequencing analysis it was further demonstrated that B.
pertussis and B. parapertussis evolved from different complexes, with B. parapertussis
sharing a more recent ancestor with complex I, whilst B. pertussis with complex 1V [8].

Indeed, adoption of a host-restricted lifestyle by B. pertussis and B. parapertussis may
have been favoured by gene loss, rather than gene acquisition, simultaneously with the
proliferation of transposons. These genomic modifications were, in turn, responsible for
the alteration of regulatory networks, metabolic pathways, or even the elimination of
some antigenic proteins that made these bacterial strains more susceptible to immune
surveillance [49,50]. Similar patterns of adaptation to a specific niche are observed in
other pathogens, such as in Salmonella typhi, a human-restricted pathogen, in contrast to
Salmonella enterica serovar Thyphimurium, which has a broader host range. Similarly to
B. pertussis, S. typhi possesses many pseudogenes and has experienced a loss of several
proteins possibly involved in interactions with multiple hosts [51].

Despite being present in all three species, not all the genes encoding for virulence
factors are equally expressed among these strains. For example, while PT is only
produced by B. pertussis strains, both B. parapertussis and B. bronchiseptica contain PT
genes without expressing them. Apart from toxins, these highly related virulence factors
also include different adhesins, both controlled by the regulatory Bvg two-component
system, which is also conserved and can be functionally exchanged between B. pertussis,
B. parapertussis and B. bronchiseptica [46].



At the other end of the evolutionary spectrum, although numerous shifts on the allelic
profile of B. pertussis have been documented after vaccine introduction, diversity at the
gene-level remains very limited when compared to other pathogenic bacteria.
Nonetheless, introduction of pertussis vaccines has prompted some important changes to
circulating alleles, thus accelerating B. pertussis gene-level evolution. These variations
are observed in terms of both gene- and genomic-level and include changes in the allelic
profile, proliferation of some strains deficient in one or more of the antigens used in aP
vaccines, as well as inter-strain genome rearrangements, deletions and large tandem
duplications. However, the contribution of both gene- and genomic-level changes in the
resurgence of whooping cough is still not fully understood. It is important to continue
these analyses, specially based on whole-genome sequencing, as well as on other long-
read sequencing technologies [52].

1.3 Bordetella pertussis

Being recognized as the causative agent of pertussis since the 19th century, B. pertussis
was for the first time isolated by Bordet and Gengou in 1906. B. pertussis is a Gram-
negative, pleomorphic aerobic coccobacillus with an optimal growth on both Bordet-
Gengou and Regan-Lowe blood-supplemented agar mediums between 35 °C and 37 °C.
Furthermore, it is a fastidious, nonmotile, catalase- and oxidase-positive species [1].

1.3.1 Regulation of virulence factors

Bacterial virulence is dependent on the expression of different virulence factors, which
may be required at different stages of infection. Regulation of these virulence factors
occurs in response to changing environmental conditions in many bacterial pathogens
[53,54]. Bordetella species are known for being able to change the expression of sets of
virulence factors alternating between virulent and avirulent forms [55].

The expression of virulence factors in B. pertussis is regulated by a central regulatory
locus bvg (Bordetella virulence genes) [53], which consists of three genes: bvgA, bvgS
and bvgR [56]. The bvgAS genes encode a two-component regulatory system comprising
a sensor protein (BvgS) and a transcriptional activator protein (BvgA). A schematic
representation of the BvgAS function is depicted in Figure 1. These proteins were shown
to share homology with the “two-component” family of prokaryotic regulatory proteins
that respond to environmental stimuli [57]. Examples include the EnvZ/OmpR system
involved in regulation of outer membrane proteins of Escherichia coli, as well as the
CheA/CheB/CheY system involved in chemotaxis also in E. coli, as well as in
Enterobacter aerogenes and S. typhimurium [55]. BvgsS in the inner membrane senses
external signals and transfers them to the cytosolic BvgA via a complex phosphorelay
[58]. The signals to which BvgS responds in vivo are unknown, however in vitro, the
system is activated at 37 °C and inactivated either in the presence of chemical modulators
like MgSO4 and nicotinic acid or at low temperatures (~25 °C) [8,59].
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Figure 1. A schematic picture that represents the mode of action of the Bvg two-component
system. a. Periplasmic stimulus activates BvgS, which experiences autophosphorylation. The
phosphate group is relayed along BvgS and finally to BvgA. Phosphorylated BvgA then activates
transcription of several genes. This Bvg-active state is called Bvg* phase. b. In the absence of
activating stimuli, BvgsS is inactive, thus BvgA remains unphosphorylated. The bacteria are in the
so-called Bvg™ phase, being characterized by the expression of a subset of Bvg™ phase-specific
genes. With low BvgA activation an intermediate phase (Bvg') is observed, but with increasing
BvgA activity it is common to observe a switch from Bvg phase conditions to Bvg* phase
conditions. The figure lists factors that are expressed at each Bvg phase. Vrg, vir-repressed genes.
Adapted from [60].

BVvgAS is used by the bacteria to modulate the gene expression in different
environmental conditions and according to the host organism and stage of infection. The
expression levels of four classes of genes are dependent on the phenotypic phase adopted
by the system, favouring a temporal regulation of the virulence factors to promote the
infection and avoid the host defence. When BvgAS is fully active (the so-called Bvg*
phase), the expression of virulence-activated genes (vags) including many genes
implicated in pathogenesis (such as ptx and cyaA) are positively regulated, suggesting
that this phase is required for virulence. On the contrary, the Bvg™ phase is characterized
by the expression of virulence-repressed genes (vrgs), such as those needed for flagella
synthesis and motility in B. bronchiseptica. The role of this phase is not fully understood,
however it has been hypothesized to contribute either in bacterial intracellular uptake and
persistence or transmission between different hosts. It was also demonstrated to be
important for survival under nutrient-limiting conditions in B. bronchiseptica. In the Bvg-
intermediate (Bvg') phase, the BvgAS system is not fully induced, being characterized
for the expression of bipA (which encodes an outer membrane protein of unknown
function) or other early response genes such as fhaB (which encodes FHA) and fim (which
encodes fimbriae). The Bvg' phase may play a role in transmission by the aerosol route
or the initial stages of infection [8,59].



Additional regulatory systems are known to participate in the expression of some
virulence factors of B. pertussis, including regulation by iron availability [61] and
regulation by physiological changes in CO2 concentrations [62]. Although these systems
are of extreme importance during the Bordetella spp. infectious cycle, they have not been
fully described yet. More regulatory circuits are likely to be discovered.

1.3.2 Virulence factors

Upon infection of the human host and subsequent activation of the phosphorelay
system, the pathogen enters the Bvg™ phase, which is characterized by the expression of
different adhesins, toxins and metabolic proteins. A schematic representation of the
virulence factors of B. pertussis is shown in Figure 2. A recent study predicted more than
140 proteins specifically secreted by B. pertussis during the Bvg" phase [63]. Pertussis
results from the coordination of several virulence factors, which include toxins such as
pertussis toxin (PT), adenylate cyclase toxin (CyaA or ACT), dermonecrotic toxin (DNT),
and tracheal cytotoxin (TCT). Other factors include surfaces structures, such as
filamentous hemagglutinin (FHA), pertactin (PRN), fimbriae (FIM), the type 111 secretion
system (T3SS), lipooligosaccharide (LOS), and metabolic proteins. These virulence
factors of B. pertussis will be described in more detail below.
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Figure 2. Virulence factors of B. pertussis. B. pertussis is depicted as a Gram-negative organism
with inner and outer membranes (IM and OM), a periplasm and a capsule. The adhesins Fim,
FhaB, pertactin, Tcf, BrkA, Vag8 and Bats are shown in blue; pertussis toxin (PTX), adenylate
cyclase toxin (CyaA) and dermonecrotic toxin (DNT) are in red; the accessory proteins FhaC,
FimB, FimC, Type Ill, Type 1V and Type | are in grey; the iron uptake systems ExbB/ExbD,
TonB, FauA, BfeA and Bfrs are in green; and the regulatory systems BvgA, BvgS and BvgR are
in beige. The large brown arrows represent the orientation of export and import of virulence



factors and siderophores, respectively. The inner brown arrows show the phosphorelay and the
regulation circuit. Adapted from [64].

1.3.2.1 Surface Structures

Adhesins are surface structures of bacteria important for its adherence to the host,
mediating the attachment and colonisation. Some of the most important adhesins of B.
pertussis are FHA, FIM, PRN and LOS. Many additional surface proteins may play a role
in B. pertussis pathogenesis. These are BvgAS-activated autotransporter proteins, such as
BrkA, TcfA, BapC, BatB, Vag8, SphB1 and Phg, and their function in pathogenesis
include mediating adherence, complement resistance, evasion of antibody-mediated
clearance, as well as proteolytic processing of other surface proteins [1,8].

1.3.2.1.1 Filamentous hemagglutinin

FHA is a highly immunogenic, hairpin-shaped protein having an important role in the
attachment to the host cell surface. It is synthesized as a 367 kDa precursor polypeptide
(called FhaB), which is then exported to the periplasm via the Sec machinery and secreted
to the extracellular milieu by FhaC with the help of the SphB1 protease, while it is
processed into a mature ~230 kDa protein [65]. FHA mediates the adhesion of B. pertussis
to several eukaryotic cell types in vitro [66,67]. Three different binding motifs of FHA
refer to its important role in the adhesion [68] and represent how this molecule can mimic
eukaryotic cell adhesion mechanisms for mediating adherence of bacteria to mammalian
cells. It was proposed to bind different integrins due to the interaction with its RGD (Arg-
Gly-Asp) motif [69-72]. Whether it interacts with these or other mammalian receptors in
vivo has yet to be determined [8]. Among its multiple functions, FHA mediates the initial
adhesion of B. pertussis to ciliated epithelium of upper respiratory tract, driving the
infection from upper to lower respiratory tract [73,74]; promotes phagocytosis of B.
pertussis by macrophages and polymorphonuclear neutrophils [75,76]; induces release of
IL-6 and suppresses IL-12 production by macrophages and dendritic cells [77,78].
Furthermore, it has been shown that FHA may play a role in the delivery of CyaA toxin
from the bacterium to the target cell [79], but the importance of this phenomenon in vivo
is still poorly understood. Nevertheless, Irie et. al [80] have demonstrated that the CyaA-
FHA interaction may inhibit biofilm formation.

1.3.2.1.2 Fimbriae

FIM are type 1 pili i.e., surface projections necessary for the colonization of the host
cells. B. pertussis produces two major protein subunits depending on the strain, Fim2 and
Fim3, encoded by fimB and fimC, respectively. Both subunits have identical molecular
weight (~20 kDa) but are serologically distinct [81] and beyond that, their expression can
undergo phase variation [82]. Even though it is usual for many bacteria to have a single
gene cluster encoding for the major fimbriae subunits and accessory proteins required for
export and assembly of its structure [83], Bordetella fimbriae subunits are not located
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within a single gene cluster. The Fim operon (fimBCD) is located between the fhaB and
fhaC genes [84]. This may represent a selective advantage, allowing the co-regulation of
virulence genes that function together in infection. Alternative major fimbrial subunits
known as FimA, FimN and FimX have also been identified [85-87]. Furthermore, a tip
adhesin (FimD) has also been described [84]. This adhesin constitutes a minor subunit
common to all fimbriae, which mediates binding to monocytes [88]. Fim 2 and 3 are
important components for the colonization of the lower respiratory mucosa [89,90].
Similarly to FHA, they seem to be involved in adherence and suppression of the initial
inflammatory response to infection [91], which might facilitate bacterial persistence.

1.3.2.1.3 Pertactin

PRN is an autotransporter protein which mediates eukaryotic cell binding via RGD
motif. It is highly immunogenic and highly polymorphic [92]. Like other autotransporter
proteins, it consists of a central passenger domain flanked by an N-terminal signal
sequence and a C-terminal porin domain [93]. PRN has been proposed to play a role in
adherence to the host due to the presence of several motifs commonly involved in
eukaryotic cell binding [94,95]. However, similarly to fimbriae, studies addressing this
issue have yielded equivocal results [74,92]. While PRN was shown to participate in
adhesion on ciliated rabbit tracheal explant cultures [96], the role of PRN in vivo was not
confirmed in the mouse model [97]. Nevertheless, in the murine model of B.
bronchiseptica infection PRN may be involved in resistance to neutrophil-mediated
clearance and promoting persistence in the lower respiratory tract [74,92]. Pertactin is
included in most current aP vaccines, due to the protective antigenic properties
demonstrated in mice [98]. However, polymorphisms in PRN toxin may have been
implicated in escape from immunity to B. pertussis in vaccinated populations [99], which
is now a major concern with several implications for the development of improved
vaccines.

1.3.2.1.4 Lipooligosaccharide

LPS is a component of the outer membrane cell wall of Gram-negative bacteria,
consisting of three different parts: the lipid A, the core oligosaccharide and the O-antigen.
Unlike B. bronchiseptica and B. parapertussis, the LPS of B. pertussis lacks the O-
antigen, being for this reason often referred to as lipooligosaccharide (LOS) [100]. LPS
can be recognized by CD14, toll-like receptor 4 (TLR4) and by its co-receptor MD-2 in
several cell types, including monocytes, macrophages, dendritic cells and B cells, which
leads to the formation of TLR4-MD-2-CD14 complexes with the subsequent activation
of signalling pathways and release of pro-inflammatory cytokines [101]. Studies have
shown distinct recognition abilities of different forms of lipid A between human and
murine TLR4-MD-2-CD14 complexes. While the murine TLR4-MD-2-CD14 has a
similar response to both penta- and hexa-acylated lipid A, human TLR4-MD-2-CD14
responds strongly to hexa-acylated lipid A, but only weakly to penta-acylated lipid A
[102]. In addition, the phosphate groups of the lipid A can be modified by glucosamine
(GIcN) moieties in many B. pertussis strains. This modification is positively regulated by
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the BvgAS regulatory system and has the ability to further alter the magnitude of the
TLR4 stimulation [103-105]. While murine TLR4-MD-2-CD14 has a similar response
whether the phosphate groups of the lipid A are modified or not, human TLR4-MD-2-
CD14 responds strongly to B. pertussis lipid A containing GlcN-modified phosphate
groups than to lipid A with unmodified phosphates [103]. B. pertussis produces a penta-
acylated lipid A, suggesting that its ability to stimulate TLR4 in humans is even weaker
than in mice, even though B. pertussis LOS is mainly composed of GlcN-modified
phosphate groups [105]. Furthermore, it was shown that TLR4°/" mice are only modestly
impaired in their ability to control infection by B. pertussis [106-108] and B. pertussis
LOS interaction with murine dendritic cells was shown to result in the development of
anti-inflammatory regulatory T cells [106]. Altogether these results suggest that B.
pertussis have evolved in such a way it became relatively non-inflammatory in humans.
However, some precautions must be taken in extrapolating results obtained from mice
studies to humans, since the TLR4-MD-2-CD14 immune responses are dependent on the
host.

1.3.2.2 Toxins

In addition to adhesins, B. pertussis also produces a number of toxins and most of them
are proteins, except for LOS and TCT. Some of the most important B. pertussis toxins are
PT, CyaA, DNT and TCT. CyaA, DNT and TCT are all expressed by B. pertussis, B.
parapertussis and B. bronchiseptica. However, as previously stated, production of
functional PT is exclusive to B. pertussis. Furthermore, B. pertussis uses the T3SS to
deliver different effector proteins from bacterial cytosol directly into host cells.

1.3.2.2.1 Pertussis toxin

PT is one of the first identified and most extensively studied virulence factors of B.
pertussis [8]. It is an ADP-ribosylating exotoxin of the ABs family [109], composed of 6
polypeptides (S1 to S5) [2]. The catalytic subunit A is a monomer comprising the
polypeptide S1, while the pentameric B subunit consists of polypeptides S2, S3, S4, and
S5assembled ina1:1:2:1ratio [2]. PT is secreted by the type 1V secretion system encoded
by the ptl locus [110]. Once it is secreted, the B subunit (polypeptides S2 to S5) binds to
sialic acid-containing glycoprotein [111,112]; the toxin is endocytosed by the host cell
and follows a retrograde transport pathway to the endoplasmic reticulum (ER) [113].
Then, the A subunit translocates from the ER to the cytoplasm [114], where it catalyses
the transfer of ADP-ribose from NAD™ to the alpha subunit of heterotrimeric G-proteins,
blocking their ability to inhibit adenylate cyclase activity (resulting in uncontrolled
production of cyclic AMP (cAMP) in the cells) and leading consequently to the
dysregulation of the immune response [112]. The outcome of such activity has a
remarkably broad range of pharmacological effects in different models of infection.
Experiments using the mouse model suggested that the primary targets for PT are alveolar
macrophages [115]. The toxin inhibits the migration of neutrophils, monocytes and
lymphocytes in vitro [116]. In mouse models, PT production by B. pertussis is directly
correlated with reduced inflammatory responses and chemotaxis of neutrophils to the site
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of infection, as well as to increased bacterial burdens early in infection [117,118].
Furthermore, its production at the peak of the infection is consistent with aggravated
inflammation and pathology in the airways [119]. At the clinical level, PT production is
directly related with the extreme lymphocytosis observed in patients and appears to be
also involved in pulmonary hypertension, which accounts for the morbidity and mortality
of the disease [120,121]. Besides that, antibodies against PT protect against severe
disease, being this a crucial fact for its inclusion in all aP vaccines [112,122]. Nowadays,
it is clear that although PT is an important virulence factor for infection, B. pertussis
interaction with its host is more complex than currently recognized and involves not only
different adhesins and toxins but also a series of other virulence determinants [64]. As
opposed to what was believed, PT does not cause the typical paroxysmal cough in
pertussis, since B. parapertussis also causes paroxysmal cough and this organism does
not produce PT [123].

1.3.2.2.2 Dermonecrotic toxin

DNT is a protein with transglutaminase activity that can activate Rho GTPases by
deamidation of Rho proteins [124,125]. It can alter the function of osteoblast cells in vitro
[126] and yields necrotic lesions by subcutaneous injection in mice [127]. DNT appears
to remain within the bacterial cytoplasm during infection and to be only released upon
bacterial cell lysis [127,128], which may suggest that it acts indirectly in pathogenesis. A
recent study showed that DNT affects neural cells through specific binding to the T-type
voltage-gated Ca?* channel that is highly expressed in the central nervous system and
leads to neurological disorders in mice after intracerebral injection. These results may
suggest a role for DNT as an etiological agent for pertussis encephalopathy, a severe
complication of B. pertussis infection [129].

1.3.2.2.3 Tracheal cytotoxin

TCT is a natural breakdown product of the Bordetella cell wall peptidoglycan that is
produced during cell wall remodelling [130]. TCT is the only known virulence factor of
Bordetella whose expression is not dependent on the BvgAS regulatory system. It can be
released in large amounts to the extracellular milieu, most likely due to the lack of a
functional protein required for its transport back into the cytoplasm, which results in its
ineffective recycling by B. pertussis [2]. TCT acts synergistically with LOS to induce the
production of pro-inflammatory cytokines (like TNF-a, IL-1, IL-1B, and IL-6) and
induces nitric oxide synthase for nitric oxide production, which causes destruction of
ciliated cells from the epithelial surface and inhibits DNA synthesis [131-133]. This
activity is dependent on the nucleotide-binding oligomerization domain-containing
protein 1 (NOD1), a cytosolic pattern recognition receptor (PRR) sensitive to
peptidoglycan. However, this is mainly restricted to the mouse NOD1, as human NOD1
poorly recognize TCT [134]. Nevertheless, it is hypothesized that this toxin might have a
role in the characteristic cough observed in pertussis, however its contribution to the
pathogenesis of pertussis in humans is still poorly understood.
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1.3.2.2.4 Type 111 secretion system

The Bordetella spp. T3SS is used by B. pertussis to deliver effector proteins from the
bacterial cytosol directly into the target cell, thus hijacking the intracellular machinery of
the infected cells [135-137]. These effectors reach the cytosol of the host cell with the
help of a translocon, which consists of two conserved hydrophobic proteins that form a
pore in the eukaryotic cell membrane [138]. The T3SS is highly conserved between all
members of the Bordetella genus and the corresponding loci are tightly regulated by the
BVvgAS system [2,139,140]. T3SS is a complex apparatus consisting of about 30 proteins
showing homology with the Ysc T3SS apparatus genes of Yersinia spp. (Figure 3),
namely with the T3SS ATPase (BscN-YscN), the needle (BscF-YscF), and the translocon
components (BopB-YopB, BopD-YopD) [140,141].

Bsc T3SS: BteA (Effector}

3
$8l BopB DN (Translocon)

B8 Bsp22 (Needle-associated)

BscF (Needle)

OM ;
:}— BscC{Secretin)
PG
BscD, Bscd (Inner ring)
1M
BscN (ATPase), BscL
BscQ (C-ring)
Orfd, BerH1, :
Bot |? FEsclh"J. BtcA BscK (ATPase-associated),
(Chaperones) Bscl, BscW, BscR, BscS,

BscT (Export apparatus)

Figure 3. Schematic representation of Bordetella secretion complex (Bsc) T3SS structure.
IM, inner membrane; OM, outer membrane; PG, peptidoglycan. Adapted from [142].

So far, only BteA has been definitively identified as a translocated substrate of the Bsc
T3SS [143,144]. In B. bronchiseptica, T3SS was demonstrated to induce cell necrosis in
vitro [145]. Moreover, it was suggested to have an immunomodulatory role by promoting
persistence in the lower respiratory tract of mice [140,146,147]. However, the
mechanisms behind this phenomenon are not fully understood. Regarding the human
host, no requisite of T3SS activity for B. pertussis cytotoxicity was reported, which is
quite surprisingly given that the genes are intact, highly conserved, transcribed and
regulated, and that the BteA effector is interchangeable between B. pertussis and B.
bronchiseptica [148,149]. The underlying causes of such paradox are now becoming
better understood. It seems that laboratory-adapted strains do not secrete these proteins,
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as opposed to the majority of low passage clinical isolates of B. pertussis [150-152]. This
interesting event suggests that adapted B. pertussis strains are able to restore the type 11
secretion following contact with the host, such as during experimental infections of mice
[152]. Recently, B. pertussis T3SS expression was shown to be stimulated under
glutamate or iron depletion [61,153], which is in accordance with the previous findings,
since under laboratory conditions B. pertussis is usually cultivated in Stainer-Scholte
medium containing high glutamate concentration.

1.4 Adenylate cyclase toxin

Discovery of the adenylate cyclase toxin (CyaA, ACT, or AC-Hly) in B. pertussis dates
back to 1976 [154]. Since then, it has been shown to be a crucial virulence factor of B.
pertussis and considered as one of the few virulence factors that is conserved and
produced by all pathogenic Bordetella species [155]. CyaA is secreted by cyaBDE-
encoded type | secretion system and acylated by the product of cyaC [156,157]. The toxin
is a member of the RTX (repeats in toxin) family and consists of two functional parts: the
N-terminal domain, which is a calmodulin-dependent adenylate cyclase that converts
ATP to cAMP [158,159], and the C-terminal hemolysin moiety, where a pore-forming
domain, an acylated segment and calcium-binding RTX repeats are located [160,161].
CyaA binds with high affinity to complement receptor 3 (CR3, CD11b/CD18, amp2, Mac-
1) of neutrophils, monocytes/macrophages and dendritic cells [162], where it exerts
multiple effects, such as inhibition of bactericidal oxidative burst and opsonophagocytic
killing mechanisms of neutrophils and macrophages [163,164]. In addition, CyaA was
also shown to block the activation and chemotaxis of T-cells [165]. Studies using a mouse
model have demonstrated that CyaA-deficient bacteria are cleared faster than wild-type
bacteria, and studies using immunodeficient and neutropenic mice have suggested a role
for CyaA in facilitating bacteria to resist neutrophil-mediated clearance [166,167].

The importance of CyaA was recently confirmed by Eby and co-workers, who detected
significant levels of CyaA in nasopharyngeal fluids and washes using the baboon model
of pertussis. They found that CyaA concentration could reach 100 ng/ml near target cell
surface in the host nasopharynx [168]. CyaA was also shown to suppress TLR-induced
secretion of pro-inflammatory IL-12 and TNF-a cytokines and to promote secretion of
immunosuppressive 1L-10 cytokine from mouse and human dendritic cells [169-174].
These facts together suggest that CyaA is able, either directly or indirectly, to influence a
broad spectrum of processes of both innate and adaptive immunity of the host, which
makes the CyaA toxoid a leading antigen candidate for inclusion into the next generation
of pertussis vaccines [175].

1.4.1 CyaA biogenesis

CyaA is expressed from the cya locus, which is composed of 5 genes (cyaA, cyaB, cyaC,
cyaD and cyaE) (Figure 4). The cyaA gene, encoding the inactive protoxin (proCyaA),
is transcribed as the first gene of the cyaABDE operon, where the cyaB, cyaD and cyaE
genes encode the components of the type 1 secretion system (T1SS) required for CyaA
secretion. The cyaC gene encodes an acyltransferase enzyme that is required for the post-
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translational activation of proCyaA and is located upstream to cyaA, being transcribed
from a different promoter than cyaA gene, in the opposite orientation to this gene
[176,177]. Unexpectedly, in the cyaABDE operon two distinct promoters were identified:
one located 115 bp upstream the cyaA gene and other located in the intergenic cyaA-cyaB
region [178]. The importance of the second promoter is evidenced by the fact that most
of the transcripts from the cyaA promoter are terminated in the intergenic region between
cyaA and cyaB genes, thus leading to a majority of monocistronic transcripts. As opposed
to the cyaA promoter, which is under the control of the BvgAS regulatory system, the
cyaBDE promoter seems to display a low-level constitutive expression, which is
independent of virulence control [178].

cyaC cyaA cyaB cyaD cyaE

Figure 4. Schematic representation of the cya locus. The genes cyaA, cyaB, cyaD and cyaE are
transcribed in the same direction from the same promoter located upstream of cyaA. Another
promoter located upstream of cyaB allows separate transcription of cyaB, cyaD and cyaE. The
activator gene, cyaC, is transcribed from another promoter in the opposite direction to the other
genes of the locus.

However, CyaA expression was also found to be regulated to some extent by the CO>
responding element [62]. As a consequence of the low affinity the response-regulator
protein BvgA-P has for the cyaA promoter, cyaA gene is among the so-called “late-
response’ genes.

In addition to the regulation at the transcriptional level, SRNA-mediated regulation of
CyaA expression in the presence of the Hfg RNA chaperon has also been described [179].
Although the amount of cyaA mRNA transcribed in an hfq deletion mutant (Ahfq) is the
same as in the wild-type bacteria, the amount of CyaA protein is lower in the case of the
mutant. This might suggest a regulation mechanism for CyaA expression at the level of
MRNA stabilization [179].

Like other RTX toxins, CyaA is secreted by T1SS after translation and post-
translational acylation by CyaC. The T1SS consists of three different components (Figure
5): (i) an ABC (ATP-binding cassette) transporter incorporated in the inner bacterial
membrane (called CyaB in Bordetella); (ii) a membrane fusion protein (MFP) that
extends from the inner membrane into the periplasm (called CyaD in Bordetella); and
(iii) an outer membrane protein (OMP) from the TolC family that spans into periplasm
from the outer membrane (called CyakE in Bordetella) [180,181]. The mechanism of CyaA
secretion resembles that used for the secretion of the RTX a-hemolysin (HIyA) of E. coli
through the HIyAB/TolC apparatus [182]. After recognition of the secretion signal of
CyaA by CyaB, a sealed channel-tunnel assembly across the entire Gram-negative cell
envelope is formed and CyaA protein is then exported in a single step directly from
bacterial cytoplasm into the external medium, without passage through the periplasmic
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space [175]. The recognition signal of the toxin occurs within the last 74 residues of the
C-terminal part of the toxin and remains unprocessed after secretion [183]. Once the C-
terminus of CyaA emerges from the outer opening of the T1SS conduit on the bacterial
surface, a folding nucleus (spanning 1636 to 1642 amino acid residues) is formed,
initiated by the Ca?" driven folding of the RTX repeat blocks into B-rolls [184]. At
conditions of Ca?" deprivation, most of the secreted CyaA molecules remain associated
with FHA on the bacterial surface, exhibiting no activity and capacity to penetrate the
target cells. In contrast, at 2 mM Ca?* concentration typical for body fluids, CyaA is
efficiently folded and is quantitatively released into culture supernatant [184].
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Figure 5. Schematic representation of the T1SS assembly operation. Upon recognition of the
C-terminal secretion signal of the RTX protein, the inner membrane complex formed by an
energy-providing ABC transporter and an MFP contacts the trimeric OMP, forming then a sealed
channel-tunnel assembly spanning across the entire Gram-negative bacterial cell envelope for the
passage of the RTX protein. Exportation of the protein through the conduit occurs in a single step
from the bacterial cytoplasm directly to the external bacterial surface, without transiting through
the periplasmic space. Millimolar calcium concentrations are typically encountered in host
extracellular space colonized by pathogenic bacteria, allowing for the proper folding and
acquisition of biological activity by the toxin, while the typical <100 nM of Ca?* encountered in
the bacterial cytoplasm retains the toxin unfolded. Adapted from [185].

1.4.2 CyaA structure

The completely secreted and folded CyaA molecule is a 1706 residue-long polypeptide
(Figure 6) consisting of two functional parts: an N-terminal ~400 residue-long adenylate
cyclase (AC) enzyme linked to a ~1300 residue-long RTX hemolysin (Hly) moiety [176].
The HIly moiety is further divided into the following subdomains: (i) the hydrophobic
pore-forming domain [186]; (ii) the acylated segment, where the posttranslational
modification of two specific lysine residues takes place [157,187]; (iii) the receptor-
binding RTX domain harbouring the characteristic calcium-binding aspartate and
glycine-rich nonapeptide repeats of a consensus sequence GGXxGxDxxx (where X
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represents any amino acid residue) [188,189]; and (iv) the C-terminal secretion signal for
T1SS [183,184].

Adenylate cyclase RTX hemolysin
Calmodulin CD11b/CD18 -
binding site K860 K3 binding site
V .-' . N
7 N N
1 400 500 700 1012 1638 1706
AC domain Pore-forming Acylation  Ca*-binding repeats  Secretion
domain sites signal

Figure 6. Schematic representation of the CyaA molecule with its relevant functional
domains. The N-terminal AC enzyme domain (~400 residues) and the C-terminal Hly moiety
(~1300 residues) of CyaA are linked together by a ~100 residue-long segment (residues 400 to
500). The Hly moiety itself harbours distinct functional subdomains: (i) a hydrophobic pore-
forming domain (residues 500 to 700); (ii) an acylated segment (residues 800 to 1000), where the
posttranslational acylation at two lysine residues (K860 and K983) occurs; (iii) a typical calcium-
binding RTX domain with the CD11b/CD18-binding segment (residues 1166 to 1287); and (iv)

a C-terminal secretion signal. Adapted from [190].

1.4.2.1 Adenylate cyclase domain

The adenylate cyclase (AC) domain of CyaA consists of 385 amino acid residues (~40
kDa) and catalyses the conversion of ATP into CAMP that is able to hijack the cellular
signalling when present at pathologic levels in the cytosol of the host cell [191,192]. The
AC enzyme is only activated upon binding of eukaryotic calmodulin (CaM) in a 1:1
stoichiometry inside the host cell cytosol [193,194]. Upon activation by CaM, the
catalytic activity of the enzyme can be increased up to ~1000 fold, reaching an extremely
rapid (Keat~2000 s~1) conversion of ATP into cAMP [191]. CaM binds to four distinct
regions of the AC enzyme, as it was shown by the crystal structure of the AC enzyme
with the C-terminal domain of CaM (C-CaM) [195]. The interactions between the four
regions of the AC enzyme and CaM induce major conformational changes that are
required for AC catalytic activity [158,159,196]. Two functional subdomains within the
AC domain of CyaA were identified by limited proteolysis: T25 and T18 [194]. While
the T18 subdomain is responsible for calmodulin binding, the N-terminal T25 subdomain
harbours the catalytic site of the AC enzyme [158,159].

Mechanistic insight into AC catalytic activity revealed that aspartates D188 and D190
and histidine H298 of the AC domain are crucial for the binding of Mg?* ions, while
asparagine N304 plays a role in the positioning of ribose, and arginine R37 and lysine
residues K58, K65, and K84 are required for the binding of the triphosphate of ATP [195].
Deprotonation of 3’-OH of ATP is then accomplished by the key catalytic residue H63
of the AC enzyme, which is further involved in the reaction mechanism of adenylyl
cyclization [197].

Besides catalysing the formation of cAMP, the AC domain of CyaA was also shown to
catalyse the formation of cCMP and cUMP, and all these multiple cNMP-forming
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enzyme activities come from a single catalytic site [198]. Thus, cCMP and cUMP
formation may cooperate with cAMP formation in the modulation of the immune
responses [199].

1.4.2.2 AC to Hly-linking segment

A ~100 residue-long segment linking the AC enzyme to the Hly moiety is located
between residues 400 and 500 of CyaA and has no homologs in other RTX proteins.
Although little is known about the structure and function of this segment in the CyaA
activity, it was demonstrated that deletion of the residues 375 to 485 within CyaA
abrogated the translocation of the catalytic domain into target cells [200]. Another study
further identified a peptidic segment within this region (residues 454 to 484) exhibiting
membrane interaction properties [201]. These observations suggest a role for the AC to
Hly-linking segment of CyaA in translocation of the AC domain across the cell
membrane. Moreover, this segment was further proposed to be involved in restricting the
propensity of CyaA to form pores in target cell membranes. Masin et al. showed that
combined substitutions of negatively charged residues clustered within the N-terminal
half of the linker segment by neutral residues (D445N + D446N + E448Q) strongly
enhanced the specific pore-forming capacity of the toxin without altering its specific
capacity to translocate the AC domain across target cell membrane [202]. The AC to Hly-
linking segment thus appears to account for the relatively modest cell-permeabilizing
capacity of CyaA, as compared to typical hemolysins of the RTX family [202].

1.4.2.3 Pore-forming domain

Formation of cation-selective oligomeric pores within target cell membranes can be
attributed to the pore-forming domain of CyaA. This hydrophobic domain comprises
residues 500 to 700 and consists of several amphipathic alpha-helical structures [203-
205] that form an oligomeric pore of approximately 0.6 to 0.8 nm in diameter [206].
Permeabilization of the target cell membrane for small cations by CyaA [207] can result
in colloid-osmotic lysis of erythrocytes, which in turn accounts for the hemolytic halo
surrounding Bordetella colonies grown on blood agar plates [208]. However, the specific
hemolytic activity of CyaA is quite low when compared with other typical RTX pore-
forming toxins, like the a-hemolysin of E. coli [186,206,209]. This suggests that the main
role of the pore-forming domain of CyaA is the support of the AC domain delivery, rather
than cell permeabilization per se.

The pore-forming activity of CyaA is directly related with the cooperative calcium-
dependent folding of the RTX domain [189]. As the concentration of free calcium ions
crosses the narrow threshold of 0.7 to 0.8 mM Ca?*, the propensity of CyaA to form pores
increases to ~50-fold, while the half-maximal pore-forming activity can be at 2 to 4 mM
Ca?* [210]. Moreover, CyaA pores are voltage-dependent and its characteristics may vary
regarding the level and orientation of the electrical potential across the membranes [211].
Deletion of ~500 N-terminal amino acid residues was shown to result in a substantial
increase of the hemolytic potency of CyaA, suggesting that prevention of translocation of
the AC domain or its deletion favours the toxin to acquire a hemolytic conformation
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[212]. CyaA cation-selective pores elicits potassium ion efflux from nucleated cells
[213,214], contributing to the overall cytotoxicity of the toxin [214,215].

1.4.2.4 Acylated segment

In order to acquire its biological activity, proCyaA requires posttranslational activation
by the co-expressed acyltransferase CyaC in the so-called acylated segment [177,216]. In
this segment, the g-amino group of the lysine residue 983 (K983) is acylated by CyaC
[157]. Acylation of the K983 was found to be necessary and sufficient for toxin activities
on erythrocytes [217]. In addition, a second lysine residue (K860) was found to be
acylated when proCyaA is expressed in the presence of CyaC in E. coli cells [187]. CyaA
toxin variants having either K860 or K983 acylation sites individually ablated by arginine
substitutions exhibited significantly reduced toxin activities on erythrocytes that lack the
CD11b/CD18 integrin receptor [218,219]. However, use of acylated CyaA variants on
either K860 or K983 alone allowed to conclude that independently of its acylation status,
K860 plays a structural role in membrane insertion and translocation of the toxin into
sheep erythrocytes [217]. Acylation of K860 alone is also sufficient for tight
CD11b/CD18 receptor binding on murine macrophage-like cells but the toxin activity
was largely impaired. In addition to its requirement for toxin activity, K983 plays a
structural role in determining the cation selectivity of CyaA pores and its acylation
controls the pore-forming propensity of the toxin [219].

Curiously, the non-acylated proCyaA is still able to form pores in planar lipid bilayers,
even though with a lower propensity than the fully acylated toxin. Besides that, the
formed pores have the same properties as the pores created by the fully active CyaA. The
non-acylated toxin is also able to penetrate membranes of liposomes [220].

1.4.2.5 RTX domain and C-terminal secretion signal

The RTX domain of CyaA consists of the last C-terminal ~700 amino acid residues of
the toxin and comprises five distinct RTX blocks (I to V) that harbour the typical glycine
and aspartate-rich RTX nonapeptide repeats [188]. These blocks are connected by
segments of variable lengths. Models of the RTX domain structure were predicted based
on the homology of the solved structures of other T1SS-secreted RTX proteins, such as
lipases and proteases of Pseudomonas aeruginosa and Serratia marcescens [221-223].
According to these models, the first six residues (GGxGxD) of the nonapeptide RTX
motif constitute a turn with a bound calcium ion, while the last three residues form a short
B-strand. Calcium ions are then periodically coordinated by carboxyl groups of the side
chains of conserved aspartic acid residues and protein-backbone carbonyl groups [190].
The X-ray structure of CyaAis29-1681 fragment comprising the RTX block V was recently
solved (Figure 7) [184].

Calcium-driven folding of the RTX domain is required for efficient toxin binding to
target cells and different regions of this domain were shown to be important for the
activity of the toxin [189]. Deletions in block I1I or insertion of peptides into a specific
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position within the RTX moiety strongly impaired toxin binding and penetration into
target cells [188].

Figure 7. X-ray structure of CyaAis»9.1681. (A) The N-terminal consecutive nonapeptide tandem
repeats (GGxGxDxxx) are arranged in a regular right-handed helix of parallel B-strands (B-roll).
The first six residues (GGxGxD) of the RTX motif constitute a turn with bound calcium ion
(yellow ball), while the last three non-conserved residues (xxx) form a short f-strand. Calcium
ions are numbered for clarity, and the residues 16361642 constituting the “Ca?*induced folding
nucleus” are coloured in magenta. (B) Close-up view of calcium-binding sites within the C-
terminal segment of CyaAuisze-1681. Ca2*(6) and Ca?*(7) are completely buried within the turns and
are regularly coordinated by the side chains of aspartate residues in position 6 (D1588 and D1609)
and backbone carbonyl groups of glycine residues of the GGxGxDxxx motif, respectively.
Ca?*(8) is more exposed to the solvent and is coordinated by side chains of aspartate D1609 and
glutamate E1654 along with backbone carbonyls of glycine G1606 and arginine R1652 and two
water molecules (data not shown). The carbon and oxygen atoms are represented in grey and red
colour, respectively. (C) Detailed view of the C-terminal capping structure of the CyaAiszs-1681
segment. The TDDALTYV heptapeptide is highlighted in magenta. The indole ring of tryptophan
W1645 is positioned perpendicularly to the benzene ring of tyrosine Y1646, which itself interacts
with the positively charged guanidinium group of arginine R1624 in a cation-n-m interaction.
Adapted from [184].
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The main CD11b/CD18-interaction domain of CyaA was demonstrated to be located
within a glycine and aspartate rich region located in blocks 11 and 111 of the RTX domain.
Indeed, insertion of a FLAG epitope in this region completely abolished the capacity of
the toxin to interact with the CD11b* cells [188]. Furthermore, CyaA interaction with the
CD11b/CD18 receptor could be efficiently blocked by antibodies elicited by the
immunization of mice with the RTX domain [224]. A stretch of 15 amino acid residues
located at the C-terminal part of CyaA appears to be essential for toxin activity and also
for CyaA insertion into host cell membrane [184,225,226].

The last 74 amino acid residues of the Hly moiety form the unprocessed secretion signal
of CyaA [183]. Driven by the C-terminal segment, CyaA is extruded in an unfolded form
from the Ca?*-depleted cytosol of bacteria directly into the Ca?*-rich external milieu,
passing through the T1SS duct [176,184]. At the low concentrations of calcium ions
within bacterial cytosol, the RTX domain of the toxin remains structurally disordered and
highly hydrated, while the millimolar concentrations of free calcium ions in body fluids
trigger the folding of this domain [227-232]. Successive calcium binding then promotes
formation of a capping structure and scaffolds the Ca?*-driven folding of the
consecutively extruded RTX domain, which progresses vectorially from the C-terminus
towards the N-terminal end, thus accelerating the translocation of the polypeptide through
the T1SS conduit [184].

1.4.3 Interaction of CyaA with target cells

Identification of CyaA receptor on myeloid cells was one of the major breakthroughs
for a better understanding of Bordetella pathophysiology [233]. The study carried out by
Guermonprez and co-workers allowed to demonstrate that CyaA binds to the B2 integrin
CD11b/CD18 on myeloid phagocytic cells [233]. Due to the extremely high specific
enzymatic activity of the AC domain of the toxin, CyaA was also found to bind and
penetrate a broad range of other eukaryotic cell types from various origins, most likely
due to a low affinity binding to glycan moieties of gangliosides and N-linked glycans of
surface glycoproteins [234-236]. CyaA interaction with the CD11b subunit of the
CD11b/CD18 receptor increases the efficacy of the binding by about two orders of
magnitude [162]. The selectivity of the binding to CD11b/CD18 is dictated by a highly
specific protein—protein interaction, involving negatively charged glutamate and aspartate
residues of the 11661287 segment of CyaA and positively charged and hydrophilic
residues within the 614-682 segment of the CD11b subunit of CD11b/CD18 [237]. This
binding site is unique for CD11b and is not present in the two closest relatives of CD11b,
the highly homologous CD11a and CD1 1¢ subunits of the B2 integrins CD11a/CD18 and
CD11c/CD18, respectively [162,237]. Moreover, the contacts of the toxin were
established not only with the segment between residues 614 to 682 but also with other
CD11b segments, as well as with the adjacent glycan chains located in the C-terminal
portion of CD11b [237,238]. Thus this type of multivalent interaction may be responsible
for specific and high affinity binding of CyaA to its receptor and subsequent penetration
of the toxin across cellular membrane and its biological activities [238].

After binding to CD11b/CD18, the toxin either forms oligomeric cation-selective
transmembrane pores or translocates its AC domain across the membrane into cell
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cytosol, as schematically depicted in Figure 8 [239]. There the AC enzyme is activated
by binding of cytosolic CaM and catalyses an uncontrolled conversion of intracellular
ATP into cAMP [191]. Accumulation of this key signalling molecule inside the cells then
contributes for deregulation of numerous signalling pathways downstream to protein
kinase A (PKA) and Epac (exchange protein directly activated by cAMP) [240]. This
subverts cellular physiology and rapidly suppresses bactericidal functions of phagocytes,
such as the oxidative burst and opsonophagocytic killing of bacteria by neutrophils and
macrophages [163,165,240,241]. In parallel, the hemolysin moiety oligomerizes into
cation-selective pores and permeabilizes cells for the efflux of cytosolic potassium ions
and possibly also sodium and water influx [207,213,242,243], which can lead
consequently to the lysis of cells [206]. Altogether, both cAMP signalling and ATP
depletion, as well as the pore-forming activity of the toxin, can synergize in causing
apoptosis or necrosis of phagocytes [215,244-246].

\L Receptor binding

Potassium efflux
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Figure 8. Schematic model of CyaA action on target membrane. This model predicts the
insertion of two distinct CyaA conformers into target cell membrane. One would be the
translocation precursor that would account for delivery of the AC domain across the lipid bilayer
and provokes also a concomitant influx of calcium ions into cells; the other conformer would
form a pore precursor that would oligomerize into CyaA pores, provoking potassium efflux from
target cells. These two activities would then be to large extent independent and mutually
exclusive. Both conformers would operate in parallel and existing in an equilibrium that can be
shifted in either direction by alterations of temperature, free calcium concentration, antibody
binding, acylation status of CyaA, or by specific residue substitutions within the CyaA molecule
Adapted from [239].

The AC domain penetrates the host cell in two sequential steps (Figure 9). Insertion of
this domain into the cell membrane with the rest of the CyaA molecule permeabilizes
cells for the influx of Ca?* ions, which then triggers the mobilization of the CyaA-integrin
complex into lipid rafts via activation of calpain and cleavage of talin that tethers
CD11b/CD18 to the actin cytoskeleton [247]. AC translocation across the lipid bilayer
appears to be controlled by the membrane potential [248] and by the transmembrane a-
helices localized in the hydrophobic pore-forming domain of CyaA [203,205]. In
addition, this process is independent on membrane permeabilization by CyaA pores
[214], exhibiting a very short half-time of several dozens of seconds [249].
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Figure 9. Model of CyaA translocation across target cell membrane. Firstly, CyaA binds the
CD11b/CD18 integrin receptor dispersed in the bulk of the membrane phase outside of lipid rafts,
having the cytoplasmic tail of the CD18 subunit tethered to actin cytoskeleton via the linker
protein talin. Upon receptor engagement, the AC domain partially inserts into cell membrane and
participates in formation of a Ca?*-conducting path across cell membrane. Influx of external Ca2*
into cells induces activation of the Ca?*- dependent protease calpain, yielding talin cleavage and
liberation of the CyaA-CD11b/CD18 complex from binding to actin cytoskeleton. Consequently,
the complex is recruited into cholesterol-enriched lipid rafts, where the specific lipid organization
and composition allows completion of AC domain penetration across the target cell membrane.
Adapted from [247].

Binding and penetration of CD11b/CD18-expressing cells by CyaA strongly depends
on the toxin loading by calcium ions and on the acylation of the K860 and K983 residues,
with the acylation of K983 being necessary and sufficient in supporting toxin action
[157,219]. Non-acylated proCyaA exhibits a decreased capacity to bind the integrin and
the interaction of proCyaA with CD11b/CD18 poorly supports the penetration of the AC
domain into target cells [160]. It has recently been shown that swapping of the acylated
segment and the RTX domain of HIyA into the CyaA toxin molecule retargets the AC
toxin from the CD11b/CD18 B2 integrin for binding to one of the HIyA receptors, the
CD11a/CD18 B2 integrin. These results helped to delimit residues 400-710 of CyaA as
an “AC translocon” sufficient for translocation of the AC polypeptide across the plasma
membrane of target cells [250].

1.4.4 Calcium-binding sites of CyaA

In a previous work, Rose et al. have analysed the calcium interacting properties of
CyaA, suggesting that the toxin harbours two classes of calcium-binding sites [189]. The
first class consists of a small number of high affinity calcium-binding sites (Kp <1 nM),
whereas the second class consists of about 45 calcium-binding sites of low affinity (Ko
>0.3 mM). Calcium binding to the low affinity sites may be involved in the delivery of
the AC domain into target cells, while calcium binding to the high affinity sites appears
to be critical for the membrane binding and the pore-forming activity of the toxin [189].
However, the localization of these high affinity sites in the CyaA molecule is not known,
but they appear to be not located in the last 700 residues of the RTX portion of the toxin

24



[189], where the ~45 low-affinity calcium-binding sites are formed. A primary sequence
analysis of the C-terminal part of the acylated segment of CyaA revealed that it contains
two blocks of amino acid residues 2 IGGDGDDV®Y and **DGGAGTNT® with a
similar pattern as can be observed in the highly conserved calcium-binding sites of the C-
terminal RTX domain, exhibiting a consensus sequence GGxGxD (Figure 10). Similar
blocks of amino acid residues were also predicted in the acylation segment of other RTX
toxins (Figure 10).

ApxIA ooESHLGEKNDRIYLSSGSSIVYAGNGHDVAYYDK
HIyA §4ESHLGDGDDKVFLSAGSANIYAGKGHDVVYYDK
LtxA §11IANLGAKDDYVFVGSGSTIVNAGDGYDVVDYSK
PaxA 625VSRLGKGNDKVFLASGSAEIHAGDGHDVVYYDK
AgxA g20EAKLGKGDDTVFVGWGSTDIDGGEGYDRAAYNR
RtxA 1oNVNAGSGNDDIFAGQGKMNVDGGTGHDRVFEYSK
CyaA ¢10DVIGGDGDDVVLANASRIHYDGGAGTNTVSYAA

. |+ . \ Y . B

Block | Block Il

Figure 10. ClustalW sequence alignment of a partial sequence of the acylated domain of
CyaA and corresponding sequences of related RTX toxins. ApxIA, Actinobacillus
pleuropneumoniae; HIyA, Escherichia coli; LtxA, Aggregatibacter actinomycetemcomitans;
PaxA, Pasteurella aerogenes; AgxA, Actinobacillus equuli; RtxA, Kingella kingae; and CyaA,
Bordetella pertussis. * identity, : strongly similar, . weakly similar amino acid residues.

Furthermore, a secondary structure prediction analysis of the segment by the SOPMA
algorithm [251] indicated mainly presence of B-structures in the C-terminal part of the
acylated region of CyaA (Figure 11).

900 950 1000

Coil -Helix I:]B-tl-lm :]Extended strand

Figure 11. Schematic representation of secondary structures in the C-terminal part of the
acylated segment of CyaA. Prediction was performed between residues 900 and 1000 of CyaA
using the SOPMA software.

Altogether, the data obtained by Rose et al. suggests that (i) CyaA binds few calcium
ions that cannot be removed by the chelating agents EDTA or EGTA without denaturation
and (ii) these bound ions are necessary and sufficient for the membrane-binding and
hemolytic activities of the toxin, but insufficient for its cytotoxic activity [189]. Thus, it
opens doors to further investigate the exact location of these few high affinity sites within
the CyaA molecule that would play a key role in CyaA membrane binding and hemolytic
activities, as well as to provide some insights into the structural layout of this region of
the toxin. The following section will describe a proposed approach for the experimental-
based procedures that might help to solve this structural/functional puzzle.
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2. OBJECTIVES

The main goal of this project is the investigation of two predicted calcium-binding sites
located in the acylated segment of CyaA of B. pertussis. Using site-directed mutagenesis,
we will test the hypothesis that the two blocks of amino acid residues located in the C-
terminal part of the acylated segment of CyaA might form the high-affinity calcium-
binding sites that could play a key role in CyaA membrane binding (membrane insertion)
and pore-forming (hemolytic) activities. Circular dichroism (CD) spectroscopy will be
used to test whether binding of calcium ions to the acylated segment of CyaA (residues
908-1008) results in formation of secondary structures in the polypeptide. Furthermore,
the acylation status of the acylated segment of CyaA will be analysed by liquid
chromatography-mass spectrometry (LC-MS).

In order to achieve this goal, the following specific aims were established:

1- Construction, isolation and purification of CyaA variants carrying substitutions in
the predicted calcium-binding sites and their characterization by functional
biochemical and biophysical assays;

2- Construction, isolation and purification of CyaAgos-1008 Variants and their analyses
by CD spectroscopy and LC-MS.

This study might represent a step forward for understanding B. pertussis fundamental
biological mechanism of action, which can be useful for the development of more
effective pertussis vaccines, namely that could help interrupt the vicious cycle of
colonization and transmission of the bacterium, something that the current aP vaccines
fail to achieve.
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3. MATERIAL AND METHODS

3.1 Bacterial strains, growth conditions and plasmids

The Escherichia coli K12 strain XL1-Blue (Stratagene, La Jolla, CA; recAl endAl
gyrA96 thi-1 hsdR17 supE44 relAl lac [F proAB lacl9ZAM15 Tn10(Tet")]) was used
throughout this work for DNA cloning. The E. coli BL21/pMM100 strain (E. coli B F
dem ompT hsdS (rs” mg) gal [malB*]k-12(1°)) transformed by the plasmid pMM100 [252],
which carries the gene for tetracycline resistance and a gene encoding Lacl®. It was used
for expression of recombinant proteins.

Bacteria were grown at 37 °C in Luria-Bertani (LB) medium (DNA manipulation) or in
MDO medium (protein expression; yeast extract, 20 g/l; glycerol, 20 g/l; KH2POa, 1 g/l;
K2oHPO4, 3 g/l; NH4CI, 2 g/l; Na:SOs4, 0.5 g/l; thiamine hydrochloride, 0.01 g/l)
supplemented with appropriate antibiotic(s).

pT7CACT1 (Figure 12, Osicka et al., 2000) is a construct for co-expression of cyaC
and cyaA, and it allows production of recombinant CyaC-activated CyaA in E. coli under
control of the isopropyl-p-D-thiogalactopyranoside inducible lacZ promoter. This
plasmid carries gene for ampicillin resistance. It was used for production of CyaA and
construction of pT7CACT1-derived plasmids for production of CyaA mutant variants.

Ndel

8000

Beal PT7CACTL _ _

000 BstBI
Psil 8805bps

6000

Acclll

EcolICRI

Figure 12. A map of pT7CACT1 plasmid.

27



3.2 Human cell line

Monocytic THP-1 cells (ATCC TIB-202) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and cultured in RPMI 1640 (Sigma-Aldrich,
St. Louis, MO) supplemented with 10% fetal calf serum (FCS) (GIBCO Invitrogen,
Grand Island, NY) and antibiotic antimycotic solution (0.1 mg/ml streptomycin, 1000
U/ml penicillin and 0.25 mg/ml amphotericin; Sigma-Aldrich, St. Louis, MO).

Prior to the activity experiments, the phosphate-buffered RPMI medium was replaced
with HEPES-buffered D-MEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10%
FCS, since phosphate chelates the calcium ions required for the activity of the toxin. The
D-MEM medium contains 1.9 mM Ca?", which corresponds approximately to the
concentration of calcium ions in the body fluids and is the optimal concentration for the
action of the toxin. The human monocytes were then allowed to rest and adapt to the D-
MEM for 2 hours at 37 °C in a humidified 5% CO> atmosphere prior to use.

3.3 Preparation of E. coli supercompetent cells

Bacterial strains XL-1 Blue or BL21/pMM100 (section 3.1) were grown overnight at
37 °C on LB-agar plates supplemented with appropriate antibiotics. A 5-10 ml amount of
the overnight culture was inoculated into 500 ml of super optimal broth medium (2%
Bacto Tryptone, 0.5% Yeast Extract, 10 mM NaCl and 2.5 mM KCI) with added MgSO4
and MgClz (10 mM both) and cultivated at 30 °C until ODsoo = 0.6 was reached. Fully
grown culture was consequently cooled on ice and centrifuged (3,000 g, 4 °C, 10 minutes).
The pellet was resuspended in 20 ml of ice-cold transformation buffer (10 mM HEPES,
15 mM CaCly, 250 mM KCI and 50 mM MnClz (pH 6.7)). The cell suspension was
incubated on ice for 10 minutes, repeatedly centrifuged (3,000 g, 4 °C, 10 minutes), and
re-suspended in 4 ml of ice-cold transformation buffer. Dimethyl sulfoxide in final
concentration 7% (v/v) was added to the cell suspension and after incubation on ice for
additional 10 minutes aliquots of 200 pl were quickly frozen in liquid nitrogen and stored
at-70 °C.

3.4 Heat-shock transformation of competent cells by plasmid DNA

For transformation of cells by plasmid DNA, 1 pl of plasmid DNA solution (DNA
concentration 100 — 500 ng/ul) was added to 30 ul of competent cells suspension. For
transformation of cells by plasmid DNA obtained by ligation, 15 pl of ligation mixture
was added to 150 ul of competent cells suspension. The cell suspensions were incubated
on ice for 10 minutes, followed by heat-shock at 37 °C for 5 minutes and quickly chilled
on ice for additional 5 minutes. Preheated liquid LB medium without antibiotics (1 ml)
was then added to mixture, which was subsequently incubated for 1 hour at 37 °C, so the
gene for resistance to ampicillin carried by transformed plasmid DNA could be expressed.
Cells were then incubated overnight on LB agar plates supplemented with appropriate
antibiotic(s) at 37 °C.
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3.5 Minipreparation of plasmid DNA

LB medium (2 ml) with ampicillin (150 pg/ml) was inoculated with a single bacterial
colony and cultivated at 37 °C for 14 hours under vigorous shaking. The bacterial culture
was centrifuged (13,000 g, 20 °C, 1 minute). The resulting pellet was resuspended in 100
pl of Solution I (50 mM glucose, 10 MM EDTA, 25 mM Tris-HCI (pH 8.0)) and incubated
for 5 minutes at room temperature (RT). Cells were then lysed by adding 200 pl of
Solution 11 (0.2 M NaOH, 1% SDS), the mixture was gently mixed by inversion and
stored for 5 minutes on ice. After that, 150 ul of Solution 111 (pH 4.8, prepared as mixture
of 60 ml of 5 M potassium acetate with 11.5 ml of glacial acetic acid and 28.5 ml H20)
was added, the mixture was mixed by finger flicking and stored for another 5 minutes on
ice. Precipitated proteins, chromosomal DNA and other cellular components were
removed by centrifugation (13,000 g, 4 °C, 15 minutes) and the supernatant (400 pl) with
the plasmid DNA was carefully transferred into a fresh tube. An equal volume of
isopropanol was added and the mixture was vortexed and stored for 5 to 10 minutes on
ice to allow precipitation of plasmid DNA, which was further separated by centrifugation
(13,000 g, 4 °C, 15 minutes). The pellet of precipitated plasmid DNA was washed with 1
ml of 70% ethanol and dried in vacuum desiccator. After drying, the DNA pellet was
resuspended in 40 pl of TE buffer with pancreatic RNAase (20 pg/ml) and incubated for
30 minutes at 70 °C in water bath. The isolated DNA was stored at -20 °C.

3.6 Manipulation with plasmid DNA
3.6.1 Construction of cyaA mutants

The pT7CACTL1 plasmid was used for site-directed mutagenesis of the cyaA gene and
subsequent production of recombinant CyaA proteins by E. coli bacteria. The gene cyaA
of the pT7CACTL1 plasmid was modified by single and multiple substitutions within the
sequence encoding both block I and Il of amino acid residues, located in the acylated
segment of CyaA. To design these substitutions the software Clone Manager Professional
Suite version 8 (Sci Ed Software, Westminster, CO) was used.

3.6.2 Site-directed PCR mutagenesis of cyaA

All substitutions were introduced into the cyaA gene by site-directed PCR
mutagenesis using the proof-reading Q5 polymerase and pairs of suitable PCR primers
(Table 1, Generi Biotech, Hradec Kralove, Czech Republic). In a first step, two
complementary mutagenic primers were used to introduce the mutation into two partially
overlapping PCR products (Table 2), which were then purified and used as a template in
a second PCR amplification (Table 3) with another pair of primers to assemble the whole
mutagenized fragment. Systematically, silent single base substitutions creating new
restriction sites were introduced into the PCR primers to allow straightforward screening
of the mutants. The final PCR products, fragments carrying the desired mutations, were
recloned into the parental cyaA gene in the pT7CACT1 plasmid.
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Table 1. Primers used for site-directed PCR mutagenesis of cyaA

Name

G914Lfor
G914Lrev

D915L for
D915L rev
D917Lfor
D917Lrev
D918Lfor
D918Lrev
D915L+D917L+
+D918L for
D915L+D917L+
+D918L rev
D930Lfor
D930Lrev
G931Lfor
G931Lrev
G932Lfor
G932Lrev
G934Lfor
G934Lrev

N936L for
N936Lrev
D930L+N936L for
D930L+N936Lrev
G931L+G932L+
+G934Lfor

G931L+G932L+
+G934Lrev

Sequence

Mutated primers

GATGTGATAGGCCTAGATGGCGATGA
CGTCGTG
GCCATCTAGGCCTATCACATCCAGTTT
GATGCTG
GTGATCGGCGGCCTAGGCGATGACGT
CGTGCTTG
GCCTAGGCCGCCGATCACATCCAGTTT
G
GGCCTTGACGTCGTGCTAGCCAATGCT
TCGCGCATCC
CTAGCACGACGTCAAGGCCATCTCCG
CCGATCAC
AGCTTGATGTGATCGGCGGAGATGGC
GATCTCGTCGTGCTTGCCAATGC
CGAGATCGCCATCTCCGCCGATCACAT
CAAGCTTGATGCTGTGCTTGAGCAC
GGCCTAGGCCTTCTCGTCGTGCTTGCC
AATGC
GACGAGAAGGCCTAGGCCGCCGATCA
CATCCAGT
CATTATCTCGGCGGCGCGGGTACCAA
CACGGTCAGCTATG
GTACCCGCGCCGCCGAGATAATGGAT
GCGCGAAGCATTG
GACCTCGGCGCGGGTACCAACACGGT
CAGCTATGC
GGTACCCGCGCCGAGGTCATAATGGA
TGCGCGAA
GACGGGCTAGCGGGCACCAACACGGT
C
GTGCCCGCTAGCCCGTCATAATGGAT
GCGCG
GGCGGAGCGCTCACCAACACGGTCAG
CTATG
GTTGGTGAGCGCTCCGCCGTCATAATG
GATGC
CGCGGGTACCCTCACGGTCAGCTATG
CCGC
CCGTGAGGGTACCCGCGCCGCCGTCA
TAATG
TCTCGGCGGCGCGGGCACGTTAACGG
TCAGCTATGCCGCC
TTAACGTGCCCGCGCCGCCGAGATAA
TGGATGCGCGAAGCATTG
TATGACCTCCTAGCGCTCACCAACACG
GTCAGCTATG
GGTGAGCGCTAGGAGGTCATAATGGA
TGCGCGAAG

30

Number
of bases

33
34
34
28
37
34
49
52
32
34
40
39
35
34
27
31
31
32
30
31
40
44
37

35

Tm
CC)*
60
62
62
62
62
60
58
60
58
58
58
64
60
58
62
60
62
60
60
68
60
64
62

60



XholRev2
*Theoretical melting temperature

Table 2. Components of PCR 1

Fragment 1A
0.5 ul template

10 pl 5xQ5 Buffer
HF

10 pl GC Enhancer

21 pl water

5ul 2mM dNTP

1.5 pl 10 uM FOR 1791-SeqFor-
primer CyaA

1.5l 10 uM REV Reverse
primer primer with
the mutation

0.5 nl Q5 DNA
Polymer. HF

Table 3. Components of PCR 2

5 pl template

5 pl template

10 pl 5xQ5 Buffer HF

10 pl GC Enhancer

11 pl water

5 pl 2mM dNTP

1.5 pl 10 pM FOR primer
1.5 ul 10 pM REV primer

1 pl Q5 DNA Polymerase HF

3.6.3 DNA digestion and plasmid dephosphorylation

Flanking primers
1791-SeqgFor-CyaA CAGCGGCTTGCAGGTGGC
CACATGCTCGAGCGTGTC

1B

pT7CACT1

Forward
primer with
the mutation

XholRev2

1A
1B

1791-SeqFor-CyaA
XholRev2

18 62
18 58

Cycles of PCR 1:

98°C 30"

98°C 107

54°C 30"

72°C 45"

30x repetition of cycles 2-4
72°C 10

4°C  keeping

Nogak~wbdpE

Cycles of PCR 2:

98°C 30”

98°C 10”

52°C 30"

72°C 45"

30x repetition of cycles 2-4
72°C 10’

4°C  keeping

NoukswNpeE

The isolated and purified DNA fragments obtained after the second PCR reaction and
the pT7CACT1 plasmid were digested in different tubes by the same pair of restriction
enzymes (Ncol and Xhol). Each tube consisted of a mixture of 1 pl of each enzyme, 4 pul
of CutSmart buffer and 10 or 20 ul of the plasmid DNA or PCR fragment, respectively.
Water was added to each tube in order to achieve a final volume of 40 pl. The digestion
process was allowed to occur between 1-2 hours at 37 °C. Dephosphorylation was then
accomplished by adding 1 ul of a heat-labile recombinant version of calf intestinal
alkaline phosphatase (Quick CIP), only to the plasmid DNA for 5 minutes at 37 °C, in
order to avoid re-circularization of the vector during ligation. To confirm the correct
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digestion of the samples, electrophoresis on agarose gel was performed and the digested
samples were isolated from the gel (described below).

3.6.4 DNA Ligation

Insertion of the purified PCR fragments into the pT7CACT1 plasmid was accomplished
using NEB’s Quick ligation kit (for cohesive ends). The ligation mixture (a final volume
of 30 pl) consisted of the following components:

- 15 pl of Quick ligation Buffer;

- 2 ul of digested and dephosphorylated plasmid DNA,;
- 8 ul digested PCR fragment DNA;

- 3.5 ul of H20;

- 1.5 pl Quick Ligase.

The mixture was kept at RT for 5 minutes, then shifted to ice for another 5 minutes. To
confirm the efficacy of the process a negative control was used, where the fragment DNA
was replaced by 8 ul of water.

3.6.5 Electrophoresis in agarose gel

The agarose gel for electrophoresis was prepared by mixing agarose in TBE buffer (90
mM Tris-borate, 2 mM EDTA, pH 8.3) to a final concentration of 0.6 - 2% (w/v) with the
addition of ethidium bromide to a final concentration of 0.5 pug/ml. The DNA sample
(maximum used volume was 20 pl) was mixed with 5 ul of 5x concentrated DNA loading
dye (0.25% (w/v) bromophenol blue, 40% (v/v) glycerol) and applied to the wells on the
gel. L DNA digested by the restriction endonuclease Pstl was used as a standard size
ladder. Electrophoresis was run at a constant voltage of 100V for 40 minutes in TBE
buffer and the DNA bands with intercalated ethidium bromide were visualized afterwards
using UV transilluminator.

3.6.6 Isolation of PCR fragments from agarose gel

Desired DNA fragments were excised from agarose gel and isolated using New England
BioLabs’ (NEB) Monarch DNA Gel Extraction Kit according to manufacturer’s
instructions.

3.6.7 Restriction analysis

For verification of restoration of the cloning sites and introduction of the desired
mutations, minipreps of pT7CACT1-derived plasmids carrying mutations within the cyaA
gene were digested by two pairs of suitable restriction enzymes (Table 4). Ncol and Xhol
were used in all cases to verify the restoration of the cloning sites. To confirm the
substitution in the different mutants, an enzyme carrying both the desired mutation and
an additional silent mutation (resorting to the online tool WatCut, University of Waterloo)
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was first selected. The second enzyme (Agel) was chosen so that the size of the DNA
fragments obtained after cutting the plasmid with these pair of enzymes would allow good
separation and visualization on the agarose gel. The digestion occurred for 1 hour in the
water bath at 37 °C and the reaction mixture consisted of the following components:

- 5 pl of plasmid miniprep;
- 2l of CutSmart buffer,

- 12 pl of water;
- 0.5 pl of restriction enzyme I;
- 0.5 pl of restriction enzyme II.

Finally, all in vitro mutagenized DNA fragments subcloned into the pT7CACT1
plasmid and verified by the restriction analysis were entirely sequenced (Eurofins
Genomics, Ebersberg, Germany) to confirm the presence of the desired substitutions and

the absence of inappropriate additional mutations.

Table 4. Enzymes used for verification of pT7CACTL1 variants by restriction

analyses

Substitutions

None

Go14L

D915L

DI17L

D918L

D915L +D917L+D918L
D930L

G931L

G932L

G934L

N936L
D930L+N936L

G931L+G932L+G934L

Plasmid

pT7CACT1 (original plasmid)
pT7CACT1-G914L
pT7CACT1-D915L
pT7CACT1-D917L
pT7CACT1-D918L
pTCACT1-
D915L+D917L+D918L
pT7CACT1-D930L
pT7CACT1-G931L
pT7CACT1-G932L
pT7CACT1-G934L
pT7CACT1-N936L

pT7CACT1-D930L+N936L

pT7CACT1-
G931L+G932L+G934L

Digestion (to
verify restoration
of cloning sites)*

Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)
Ncol, Xhol
(1160,7645)

Digestion (to

verify the

substitution)*

Agel, Stul
(1783,7022)
Agel, BInl
(1787,7018)
Agel, Nhel
(1805,7000)

Agel, HindllI

(1767,7038)
Agel, BInl
(1787, 7018)
Agel, Kpnl
(1849,6956)
Agel, Kpnl
(1849,6956)
Agel, Nhel
(1838,6967)

Agel, Eco47l1ll

(1843,6962)
Agel, Kpnl
(1849,6956)
Agel,Hpal

(1852,6953)

Agel, Eco47l1ll

(1843,6962)

*The expected sizes of digested fragments in base pairs are indicated in parentheses.

3.6.8 Production and purification of CyaA and its mutant variants
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50 ml of MDO medium supplemented with ampicillin and tetracycline (final
concentration of 150 pg/ml and 12.5 pg/ml, respectively) were inoculated with 3 to 5
E. coli BL21/pMM100 colonies carrying an appropriate plasmid. Bacteria were cultivated
overnight (~15 hours) at 37 °C. In the next day, 500 ml of pre-warmed (37 °C) MDO
medium supplemented with ampicillin (150 pg/ml) were inoculated with 10 ml of grown
bacterial culture and the cultivation of bacteria followed until exponential phase was
reached (ODeoo = ~0.8). The 500 ml cultures were then supplemented with 1 mM
isopropyl-1-thio-B-D-galactopyranoside (IPTG) and cultivated under constant shaking at
37 °C, so that the gene for the toxin could be expressed. After 4 hours, the cultivation was
stopped by a sudden cooling at 4 °C and 1 ml of bacterial culture was collected from each
flask to assess the amount of produced toxin by SDS-PAGE analysis. These 1 ml samples
were centrifuged (13,000 g, RT, 1 minute) and the pellet resuspended in 50 mM Tris-HCI
(pH 8.0), 8 M urea, 2 mM EDTA. The big bacterial cultures were then centrifuged (3,800
g, 4 °C, 20 minutes), the pellet was resuspended in 50 mM Tris-HCI (pH 8.0), centrifuged
again (5,000 g, 4 °C, 10 minutes) and stored at -20 °C.

On the following day, 32 ml of 50 mM Tris-HCI (pH 8.0) buffer was added to the frozen
pellets. Bacterial walls were disrupted on ice by ultrasound with a large probe for 4
minutes (30 seconds pulse-ON, 1 minute pulse-OFF, 55W), then the cells were
centrifuged (18,000 g, 4 °C, 30 minutes) and supernatants were discarded. Cell
membranes were mechanically removed by washing with 50 mM Tris-HCI, 4 M urea (pH
8.0) buffer. The toxin, which was present in inclusion bodies of bacteria, was dissolved
in 4.8 g of solid urea with 6 ml of 50 mM Tris-HCI (pH 8.0) and centrifuged (18,000 g,
4 °C, 30 minutes). Finally, 20 ul samples were collected for further SDS-PAGE analysis
and resulting supernatants were stored at -20 °C.

To the prepared urea extract of CyaA (or its mutant variant), NaCl was added to a final
concentration of 50 mM. The sample was then loaded onto a diethyl-aminoethyl-
Sepharose (DEAE-Sepharose) ion-exchange chromatography column previously washed
with deionized water and equilibrated with solution A (50 mM Tris-HCI (pH 8.0), 8 M
urea, 120 mM NacCl). The toxin was captured and most of the other proteins were removed
with solution A. After removal of unbound proteins, the toxin was eluted with solution B
(50 mM Tris-HCI (pH 8.0), 8 M urea, 200 mM NacCl) in 1-ml fractions. The presence of
the toxin in eluted fractions was tested using Bradford method and the fractions with the
toxin were collected into a sterile Falcon tube.

The collected toxin fractions were 4 times diluted with 50 mM Tris-HCI (pH 8.0), 1 M
NaCl and further purified on a Phenyl-Sepharose column, which was similarly washed
with deionized water and equilibrated with 50 mM Tris-HCI (pH 8.0), 1 M NaCl. The
toxin was captured and most of the other proteins were removed by the equilibration
solution. The toxin was then eluted with 50 mM Tris-HCI (pH 8.0), 8 M urea, 2 mM
EDTA in 1-ml fractions and Bradford test was used for determination of presence of the
toxin in the eluted fractions and those fractions which contained enough of the toxin were
mixed together and stored at -20 °C until use. The toxin concentration was determined by
the Bradford assay (Bio-Rad, Hercules, CA) using bovine serum albumin as a standard
and the purity of the toxin was analysed on SDS-PAGE gel.
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3.6.9 SDS-electrophoresis in polyacrylamide gel (SDS-PAGE)

For proper separation and visualization of CyaA and CyaA-derived proteins, 5%
stacking and 7.5% resolving polyacrylamide gels were prepared. Briefly, 20 pl of the
collected samples were mixed with 5 pl of SDS sample buffer (5x concentrated; 0.25 M
Tris-HCI (pH 6.8), 0.5 M DTT, 10% (w/v) SDS, 50% (v/v) glycerol, 0.5% (w/v)
bromophenol blue) and subsequently heated up to 100 °C for 2 minutes before loading
into wells in the polyacrylamide gels, which were submersed in Tris-glycin buffer (25
mM Tris, 250 mM glycine (pH 8.3), 0.1 (w/v) SDS). The analysed proteins were
separated according to their size in an electric field (30 mA per gel). After ~1 hour, the
buffer was discarded and the gels were put out and stained with staining solution (45%
(v/v) methanol, 10% (v/v) acetic acid, 0.25% (w/v) Coomassie Brilliant Blue R-250) for
1 hour (RT, gentle shaking). Then the gels were destained with destaining solution (25%
(v/v) methanol, 10% (v/v) acetic acid) for 1 hour (RT, gentle shaking), washed and dried
in cellophane foil. Unstained protein ladder (PageRuler™, Fermentas, Waltham, MA)
was used for assessment of relative molecular weights of proteins.

3.7 Functional characterization of purified CyaA variants
3.7.1 Hemolytic activity of CyaA variants on sheep erythrocytes

To prepare sheep erythrocytes, 30 ml of TN buffer (20 mM Tris-HCI, 150 mM NacCl,
pH 8.0) cooled to 4 °C were added to 3 ml of sheep blood (LabMediaServis, Jaromer,
Czech Republic) and the sample was centrifuged (2,000 g, 4 °C, 15 minutes). The pelleted
cells were resuspended in 30 ml of TN buffer and centrifuged (2,000 g, 4 °C, 15 minutes).
This step was repeated twice. The cells were then resuspended in 30 ml of TN buffer and
adjusted to 5x108 cells per ml of suspension. Finally, CaCl. solution was added to
erythrocyte suspension to a final concentration of 2 mM.

CyaA proteins were then incubated with erythrocytes at 37 °C (final concentration of
the toxins was 10 pg/ml). The negative control, which represents the basal lysis, consisted
only of erythrocytes and TUC buffer (50 mM Tris-HCI (pH 8.0), 8 M urea and 2 mM
CaClz). Hemolytic activity was measured by photometric (Ass1) determination of the
amount of hemoglobin released every hour (during 4 hours) to determine the percent of
erythrocyte lysis in the presence of the individual toxins.

3.7.2 Binding and cell-invasive activities of CyaA variants on sheep erythrocytes

Sheep erythrocytes, prepared as described above were incubated with CyaA and CyaA-
derived proteins at 37 °C (final concentration of the toxins was 1 pg/ml). After 30 minutes,
cell suspensions were washed with TNC buffer (50 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 2 mM CacCl,) to remove unbound CyaA and divided into two aliquots. One aliquot
was directly used for the measurement of cell-bound AC enzyme activity (membrane
binding capacity). The other aliquot was treated with trypsin (final concentration of 20
pg/ml) for 15 minutes at 37 °C in order to inactivate the extracellular AC domain that did
not translocate across the cell membrane. Soybean trypsin inhibitor (final concentration
of 40 ug/ml) was then added to the mixture to stop the reaction before the samples were
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washed with TNE buffer (20 mM Tris-HCI (pH 7.4), 150 mM NaCl and 5 mM EDTA).
Both the tubes for analysing the AC binding and invasive capacity were then incubated
with radioactive mixture (60 mM Tris-HCI (pH 8.0), 7 mM MgCl., 0.1 mM CacClz, 0.1%
(v/v) Triton X-100, 1 mg/ml BSA, 1 uM calmodulin, 0.1 mM cAMP, ~200 CPM/ul of
(2,8-*H)cAMP, 2 mM ATP, ~10,000-20,000 CPM/ul of (0-32P)ATP) at 30 °C. After 10
minutes, the reaction was stopped by addition of 0.5 M HCI. The samples were then
denatured at 100 °C and neutralized after 5 minutes with 1.5 M unbuffered imidazole.
Thereafter, the samples were loaded onto aluminium oxide columns and the cCAMP that
had previously formed was eluted by 10 mM imidazole (pH 7.6). After elution, the
columns were removed and, to each tube, a scintillation cocktail was added for further
radioactivity measurement on the liquid scintillation counter Hidex 600 SL (Hidex,
Turku, Finland).

3.7.3 Binding of CyaA variants and cAMP elevation in THP-1 monocytes

Cells (1x10°) were incubated in D-MEM with CyaA or CyaA-derived proteins (1
pg/ml) for 30 min at 4 °C, prior to removal of unbound toxin by three washes in D-MEM.
After the transfer to a fresh tube, the cells were lyzed with 0.1% Triton X-100 for
determination of cell bound AC enzyme activity. Activity of CyaA was taken as 100%.

For determination of the elevation of intracellular cAMP, 1.5x10° THP-1 monocytes
were incubated with different toxin dilutions for 30 minutes at 37 °C in D-MEM medium
and the reaction was stopped by addition of 0.2% (v/v) Tween 20 in 50 mM HCI, followed
by boiling of the samples for 15 minutes at 100 °C to denature cellular proteins (CAMP is
acid- and heat-resistant) and subsequent neutralization with 150 mM unbuffered
imidazole. CAMP measurements were done by an ELISA assay. Briefly, ELISA plates
were coated with a CAMP-BSA conjugate, washed 3 times with TBS-Tween (50 mM
Tris-HCI (pH 8.0), 0.15 mM NacCl, 0.1% (v/v) Tween 20) and incubated for 2 hours with
2% (w/v) BSA in TBS-Tween (TBS-BSA) for prevention of nonspecific protein-binding
sites. After repeated washing with TBS-Tween, boiled samples were then added to the
plate wells coated with cAMP-BSA conjugates, followed by diluted rabbit anti-cAMP
antibodies (1:3,000 dilution in 2% TBS-BSA). Upon overnight incubation at 4 °C, the
plates were extensively washed with TBS-Tween, and anti-rabbit antibodies conjugated
with horseradish peroxidase (HRP) were added (1:1000 dilution in 2% TBS-BSA) and
incubated for 2 hours at 30 °C. After washing, peroxidase activity was revealed by o-
phenylenediamine (Sigma-Aldrich, St. Louis, MO), a water-soluble substrate for HRP
that produces a product detectable at 492 nm by an ELISA plate reader (Tecan Spark,
Ménnedorf, Switzerland). cCAMP concentrations were calculated from a standard curve
established with known concentrations of cCAMP diluted in TBS-Tween.

3.7.4 Measurements of CyaA variants on planar lipid bilayers

Measurements on planar lipid bilayers (black lipid membranes) were performed in a
Teflon cell separated by a diaphragm with a circular hole (diameter 0.5 mm) bearing the
membrane and separating two chambers. The membrane was formed by the painting
method using soybean lecithin in n-decane—butanol (9:1, v/v). Both chambers contained
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150 mM KCI, 10 mM Tris-HCI (pH 7.4) and 2 mM CaCl, and the experiments were
performed at 25 °C. CyaA proteins were prediluted in TUC buffer (50 mM Tris-HCI (pH
8.0), 8 M urea and 2 mM CacCl>) and added into the grounded cis compartment with a
positive potential, where they can interact with the phospholipid bilayer, oligomerize and
form pores. The membrane current was registered by Ag/AgCl electrodes (Theta) with
salt bridges (applied voltage was 50 mV), amplified by an LCA-200-100G amplifier
(Femto, Berlin, Germany), and digitized by use of a LabQuest Mini A/D convertor
(Vernier, Beaverton, OR). For lifetime determination, approximately ~200 of individual
pore openings were recorded and the dwell times were determined using QuB software
with 10 Hz low-pass filter. The kernel density estimation was fitted with a double-
exponential function using Gnuplot software. The relevant model was selected by the 2
value.

3.8 Construction of CyaAgos-1008 vVariants

The nucleotide sequences encoding the C-terminal part of the acylated segment of CyaA
(residues 908-1008) with different substitutions were amplified by PCR from the
pT7CACT1-derived plasmids with specific primers containing restriction sites, allowing
to place the PCR products into the plasmid pT7CT7cyaC-cyaAgos-100s (A. Osickova, Institute
of Microbiology, Prague) instead of a sequence encoding an intact CyaAagos-1008 polypeptide
(Figure 13). Moreover, the DNA sequences encoding CyaAagos-1008 and its mutant variants
were fused in frame to a specific sequence encoding an N-terminal double-hexahistidine
tag (d6His). The resulting plasmids allowed the expression of the d6His-CyaAgos- 1008
variants (abbreviated as CyaAaqos-1008). The steps taken in this mutagenesis process were
identical to the full-length toxin mutagenesis previously described (see sections 3.6.2 to
3.6.6). However, either the border primers (Table 5) or the enzymes used for verifying
by restriction analysis (Table 6) differed this time.

5000

pT7CT7_cyaC-cyaA908-10b8°

amp __ 4000 cyaA908-1008
5406 bps
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Figure 13. A map of pT7CT7cyaC-cyaAgs-1008 Plasmid.
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Table 5. Border primers used for PCR amplification of cyaAgos-1008 fragments

Name Sequence Number of Tm (°C)*
bases

zkrBsu36lFor GGCACCGCCTAAGGATCC 18 60

zkrNhelRev  CGAATAGCTAGCTATTCGAGC 21 62

* Theoretical melting temperature

Table 6. Enzymes used for verification of pT7CT7cyaC-cyaAgs-100s Variants by
restriction analyses

Substitutions Plasmid Digestion (to Digestion (to
verify restoration verify the
of cloning sites)* substitution)*
D915L+D917L+D918L  pT7CT7cyaC-cyaAgos-1008 Bsu361, Nhel Binl(=Awvrll), Sacl
-D915L+D917L+D918L (606,4800) (735,4671)
G931L+G932L+G934L  pT7CT7cyaC-cyaAgos-1008 Bsu36l, Nhel Eco47lIll, Sacl
-G931L+G932L+G934L (606,4800) (679,4727)
N936L pT7CT7cyaC-cyaAqos-1008 Bsu361, Nhel Kpnl-HF, Sacl
-N936L (606,4800) (673,4733)

*The expected sizes of digested fragments in base pairs are indicated in parentheses.

3.9 Production and purification of CyaAaos-1008 Variants for CD spectroscopy

The CyaAgos-1008 Variants were produced in the presence of the activating
acyltransferase CyaC in E. coli BL21/pMM100 cells. The expression and subsequent
isolation of the CyaAaqos-1008 Variants in the form of soluble urea extracts was done as
described above (section 3.6.8). Purification of the small CyaAgos-1008 fragments was then
accomplished on Ni-NTA agarose columns. Firstly, the columns were equilibrated with
50 mM Tris-HCI (pH 8.0), 200 mM NaCl, 8 M urea, then the urea extracts containing the
CyaAagos-1008 fragments were loaded onto the Ni-NTA agarose columns and contaminating
E. coli proteins were washed out with 50 mM Tris-HCI (pH 8.0), 200 mM NaCl, 20 mM
imidazole, 8 M urea. The CyaAgos-1008 fragments were eluted with 50 mM Tris-HCI (pH
8.0), 200 mM NaCl, 600 mM imidazole, 8 M urea and concentrated on Phenyl-Sepharose
columns. For this purpose, the collected CyaAgos-1008 Samples were diluted in a ratio of
1:4 with 50 mM Tris-HCI (pH 8.0,) 1 M NaCl and loaded onto the Phenyl-Sepharose
mini-columns (Bio-Rad, Hercules, CA) equilibrated with 50 mM Tris-HCI (pH 8.0), 1 M
NaCl. Thereafter, the columns were washed with 50 mM Tris-HCI (pH 8.0) and the
CyaAagos-1008 fragments were eluted with 50 mM Tris-HCI (pH 8.0), 8 M urea, 2 mM
EDTA. The presence of the proteins was verified by Bradford test, the most concentrated
fractions were collected in the same tube and the purity of the samples was analysed on
18% SDS-PAGE gels.

3.10 CD spectroscopy

The secondary structure content of the purified CyaAaqos-1008 polypeptides was analysed
by CD spectroscopy. To eliminate the EDTA present in the samples, the buffer (50 mM
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Tris-HCI (pH 8.0), 150 mM NaCl, 2 mM EDTA) was exchanged to 8 M urea. For doing
so, the polypeptide preparations were centrifuged several times (12,000 g, 25 °C, 15
minutes) using Amicon Ultra-0.5 ml centrifugal filters (MWCO 3kDa). Freshly prepared
8 M urea solution was added after each centrifugation step to reduce the EDTA content
to traces amounts. Afterwards, the samples were centrifuged to obtain a highly
concentrated preparation. Right before the measurement, the polypeptides were diluted
in 20 mM Tris-HCI (pH 8.0), 50 mM NacCl buffer to a final concentration of 0.2 mg/ml,
which was selected based on previous screening of the optimal concentration to get a
good signal/noise ratio in the used wavelength range. The exact protein concentration was
further checked by absorbance at 280 nm using a NanoDrop device (Denovix, Delaware,
United States). The circular dichroism spectrum was collected in the range 200-260 nm
at 1 nm/sec, 3 accumulations per measurement. Increasing concentrations of calcium ions
were added and the spectra were collected per each cation concentration. The Software
Pro-Data Viewer was used throughout the experiment. The obtained secondary structure
content estimation was compared to that predicted by SOMPA.

3.11 Statistical analysis

Results are expressed as the arithmetic mean * standard deviation (SD) of the mean.
Statistical analysis was performed by one-way ANOVA followed by Dunnett's post-test
using GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA).
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4. RESULTS

4.1 Construction, isolation and purification of CyaA variants

A primary sequence analysis of the acylated segment of CyaA revealed that it contains
two blocks of amino acid residues (Figure 14) with a pattern similar to that of the highly
conserved calcium-binding sites of the RTX domain of the toxin. To test the hypothesis
that these two blocks might form calcium-binding sites playing an important role in cell
binding, cell invasive and pore-forming (hemolytic) activities of CyaA, we substituted
one or more residues within these blocks (Figure 14) that could be involved in
coordination of calcium ions.

Block I Block 11
IGGOMDOISGDOWDOISV D930G93 1 G932AG934TN936T
1 1 1 1 1 1 1 | |
L914L915 L917L918 L930L931L932 L934 L936

Figure 14. Two blocks of amino acid residues of the acylated segment of CyaA with indicated
substitutions (in red colour).

The single or multiple substitutions were introduced into the cyaA gene by site-directed
PCR mutagenesis and PCR products were subcloned into the parental cyaA gene in the
pT7CACT1 plasmid (Figure 12, Osicka et al., 2000). The pT7CACT1-derived plasmids
were analysed for the presence of the PCR fragments with inserted mutations by
restriction analysis, using newly created restriction sites, which were introduced into the
PCR primers as silent mutations (Appendix). The presence of the desired substitutions
and the absence of any inappropriate additional mutations was confirmed by sequencing.
The wild-type (WT) CyaA, included in all experiments as a positive control, and the
different CyaA mutant variants were produced in the presence of the activating protein
CyaC, using the E. coli strain BL21/pMM100 transformed with the appropriate plasmid
construct, derived from pT7CACT1. The WT and mutant CyaA proteins were isolated
from inclusion bodies of disrupted bacteria, purified by a combination of ion-exchange
and hydrophobic chromatography, and analysed by SDS-PAGE (Figure 15).

The CyaA-derived proteins carried the following substitutions in the first block: G914L,
D915L, D917L, D918L and D915L+D917L+D918L; and in the second block: D930L,
G931L, G932L, G934L, N936L, D930L+N936L and G931L+G932L+G934L.
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Figure 15. Analysis of the purified CyaA variants by SDS-PAGE. The plasmid pT7CACT1
and twelve pT7CACT1-derived constructs were used for the production of CyaA and its mutant
variants in E. coli BL21/pMM100 cells. The proteins were purified close to homogeneity from
urea-solubilized inclusion bodies by ion-exchange and hydrophobic chromatography on DEAE-
Sepharose and Phenyl-Sepharose, respectively. The samples were analysed on 7.5%
polyacrylamide gels and stained with Coomassie Blue. St, molecular mass standards.

4.2 Cell binding and cell invasive activities of CyaA variants

Sheep erythrocytes were used as model cells lacking the toxin receptor CD11b/CD18.
The ability of CyaA and its mutant variants to bind erythrocyte membrane and to deliver
the invasive AC domain across the lipid bilayer was determined by the measurement of
membrane associated AC activity, or of internalized and membrane associated AC
activity protected against digestion by externally added trypsin.

As shown in Figure 16, binding and invasive AC capacities of the CyaA-G914L, CyaA-
D915L, CyaA-D917L and CyaA-D918L toxins on erythrocytes were comparable to those
of the WT CyaA. In contrast, simultaneous substitution of the D915, D917 and D918
residues by leucine residues strongly reduced (by ~80%) the capacity of the CyaA-
D915L+D917L+D918L construct to bind erythrocytes and completely abolished its
ability to deliver the AC domain into the cell cytosol (Figure 16).

As further shown in Figure 16, replacement of D930, G931 and G932 by leucine
residues had no effect on the binding and invasive activities of the toxins carrying these
single mutations. However, the CyaA-G934L, CyaA-N936L, CyaA-D930L+N936L and
CyaA-G931L+G932L+G934L constructs exhibited a substantial decrease (by ~75-90%)
or complete loss of their binding and invasive capacities when compared with the WT
CyaA toxin.

All these results demonstrate that the blocks I and Il of the acylated segment of CyaA
contain amino acid residues that are important for cell binding and cell invasive activities
of the toxin.
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Figure 16. Binding and invasive AC activities of CyaA and its mutant variants on
erythrocytes. Sheep erythrocytes (5x108/ml) were incubated at 37 °C with 1 pg/ml of CyaA or
its mutant variants and after 30 minutes aliquots were taken for determinations of the cell-
associated AC activity and of the AC activity internalized into erythrocytes and protected against
digestion by externally added trypsin. Activities are expressed as percentages of CyaA activity
and represent average values * standard deviations from at least three independent determinations
performed in duplicate with two different toxin preparations. Significantly reduced binding and
invasive AC activities of the CyaA mutant variants to erythrocytes in comparison with intact
CyaA are indicated (*, p<0.0001; ANOVA).

4.3 Pore-forming (hemolytic) activities of CyaA variants

The ability of CyaA and its mutant variants to form membrane pores was tested as
specific hemolytic activity, determined as hemoglobin release from erythrocytes.

As shown in Figure 17, all the CyaA mutant constructs containing substitutions in
block I of the acylated segment were able to form pores in erythrocyte membrane, except
of the CyaA-D915L+D917L+D918L variant.

Regarding the toxins that were mutated in block Il, the CyaA-G934L, CyaA-N936L,
CyaA-D930L+N936L and CyaA-G931L+G932L+G934L constructs were unable to
provoke any lysis of erythrocytes over time, while CyaA-D930L, CyaA-G931L and
CyaA-G932L behaved similarly to the WT CyaA (Figure 17).

These data demonstrate that the same amino acid substitutions, which substantially
reduced cell binding and cell invasive activities of CyaA also abolished the capacity of
the toxin to form hemolytic pores in the cell membrane of erythrocytes.
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Figure 17. Hemolytic activity of CyaA and its mutant variants on sheep erythrocytes. For
determination of hemolytic activity, sheep erythrocytes (5x108/ml) were incubated at 37 °C in the
presence of 10 pg/ml of CyaA or its mutant variants. Hemolytic activity was measured in time
for 4 hours as the amount of released hemoglobin by photometric determination (Ass1 nm).
Activities are expressed as percentages of hemolytic activity and represent average values +
standard deviations from at least two independent determinations performed in duplicate.
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4.4 Binding of CyaA variants to and cCAMP intoxication of THP-1 monocytes

CyaA specifically binds phagocytic cells through their integrin receptor CD11b/CD18
[162,237]. This interaction enables the toxin to exert a complex range of cytotoxic and
immunosubversive activities on myeloid phagocytic cells [190]. Therefore, we also
examined the binding capacity of the CyaA variants on THP-1 monocytes, which were
used as model cells expressing the CD11b/CD18 receptor. Binding of the CyaA mutant
variants to THP-1 cells was determined as the amount of total cell-associated AC enzyme
activity upon incubation of cells with the CyaA proteins for 30 min at 4 °C. As
summarized in Figure 18, all the CyaA mutants that bound to CD11b/CD18-negative
erythrocytes as WT CyaA (section 4.2) also bound with similar capacities to
CD11b/CD18-positive  THP-1 cells. But interestingly, the CyaA variants with
substantially reduced capacity to bind erythrocytes (CyaA-G934L, CyaA-N936L, CyaA-
D930L+N936L and CyaA-G931L+G932L+G934L) were able to bind THP-1 cells with
rather high efficacy, ranging from ~70% to 100% of WT CyaA (Figure 18). The
exception was the CyaA-D915L+D917L+D918L mutant, which bound THP-1 cells with
a reduced capacity (~26%, Figure 18), similarly as it bound erythrocytes (section 4.2).
These results demonstrate that the substitutions G934L, N936L, D930L+N936L and
G931L+G932L+G934L inserted into block Il of the acylated segment of CyaA
substantially reduced toxin binding to erythrocytes, whereas they have only weak effect
on CyaA binding to CD11b/CD18-positive THP-1 cells.
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Figure 18. Binding activities of the CyaA variants on THP-1 cells. Binding of the CyaA
variants to THP-1 cells (1x10°) was determined as the amount of total cell-associated AC enzyme
activity upon incubation of cells with 1 pg/ml of the protein for 30 minutes at 4 °C. Activities are
expressed as percentages of CyaA activity and represent average values + standard deviations
from at least three independent determinations performed in duplicate with two different toxin
preparations. Significant differences between binding of the CyaA mutant variants and intact
CyaA to THP-1 cells are indicated (**, p<0.01; ***, p<0.001; **** p<0.0001; ANOVA).

The ability of CyaA and its variants to translocate the AC domain across the cytoplasmic
membrane into the cell cytosol was determined as CAMP elevation in THP-1 cells by
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CAMP ELISA assay. As summarized in Figure 19, all CyaA mutant variants with single
substitutions located in block I increased intracellular levels of cAMP to the same extent
as the WT CyaA toxin. In contrast, the triple mutant CyaA-D915L+D917L+D918L was
unable to elevate CAMP levels in the cytosol of THP-1 monocytes (Figure 19).

As further summarized in Figure 19, the CyaA-D930L, CyaA-G931L, CyaA-G932L
and CyaA-G934L variants with single substitutions located in block Il had minor
differences in their ability to elevate CAMP levels in the cytosol of THP-1 cells when
compared to the WT CyaA. In contrast, the capacity of the CyaA-N936L, CyaA-
D930L+N936L and CyaA-G931L+G932L+G934L mutants to elevate cCAMP levels in the
cytosol of THP-1 cells was almost abolished.
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Figure 19. Effect of the CyaA variants on intracellular levels of cAMP in THP-1 cells. cAMP
intoxication was assessed by determining the intracellular concentration of cCAMP generated in
cells after 30 minutes of incubation of THP-1 cells (1.5x10°) with four different toxin
concentrations (15.6, 31, 62.5 and 125 ng/ml) from within the linear range of the dose response
curve. Activities are expressed as percentages of intact CyaA activity and represent average
values * standard deviations from three independent determinations performed in duplicate with
two different toxin preparations. The CyaA mutant variants, which intoxicated THP-1 cells with
significantly lower efficacy than intact CyaA are indicated (*, p<0.0001; ANOVA).

Taken together, the blocks | and Il located in the acylated domain of CyaA contain
several amino acid residues whose substitution can affect binding, invasive AC and
hemolytic activities of CyaA on CD11b/CD18-negative erythrocytes, as well as the
ability of the toxin to bind CD11b/CD18-positive THP-1 monocytes and elevate CAMP
levels in their cytosol.

4.5 Measurements of CyaA variants in planar lipid bilayers

Since the CyaA-G934L and CyaA-N936L constructs were not hemolytic on
erythrocytes, we decided to examine whether these mutated toxins exhibit a capacity to
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permeabilize lipid bilayer membranes made of 3% asolectin. We analysed their overall
membrane activity (i.e., the combined contributions of the number of pore-forming toxin
molecules in the membrane, lifetime and conductance of single pores, and the frequency
of pore formation), their single-pore conductance and lifetime of opened pores.

As shown in Figure 20A, 250 pM CyaA elicited a steep increase of conductance across
the lipid bilayer over time, whereas the same amounts of the CyaA-G934L and CyaA-
N936L mutants produced negligible conductance across the black lipid membrane. This
is in agreement with their residual cytolytic capacity on erythrocytes (Figure 17).
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Figure 20. Overall membrane activities, conductances and lifetimes of CyaA and its mutant
variants on planar lipid membranes. A, Overall membrane activities of 250 pM purified CyaA
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and its mutant CyaA-G934L and CyaA-N936L variants on asolectin/decane:butanol (9:1)
membranes. The aqueous phase contained 150 mM KCI, 10 mM Tris-HCI (pH 7.4), 2 mM CaCly;
the applied voltage was 50 mV; the temperature was 25 °C; and the recording was filtered at 10
Hz. B, Single-pore recordings of asolectin membranes in the presence of 30 pM purified CyaA
and its mutant variants under otherwise identical conditions as in A. C, Kernel density estimation
of single-pore conductances calculated from single-pore recordings (>300 events) acquired on
several different asolectin membranes with 5-500 pM CyaA or its variants under the same
conditions as in A. The numbers represent the most frequent conductances + S.D. of pores formed
by the CyaA variants. D, For lifetime determination, ~200 individual pore openings were recorded
on several different asolectin membranes with 5-500 pM CyaA or its variants under the same
conditions as in A. The logarithmic histogram of dwell times was fitted with a double-exponential
function. The error estimates of lifetimes were obtained by bootstrap analysis. The numbers in
each panel represent the most frequent values + S.D.

However, both CyaA variants occasionally still formed single pore conductance units that
exhibited similar characteristics as the pores formed at much higher frequency by the WT
CyaA (Figure 20B). The most frequent conductances of pores formed by CyaA-G934L
(11 £ 2 pS) and CyaA-N936L (9 = 2 pS) were quite comparable with that of the WT
protein (11 + 2 pS) (Figure 20C). Finally, the CyaA-G934L and the CyaA-N936L
mutants formed pores in asolectin membranes with similar lifetimes (1246 + 60 ms and
1017 £+ 54 ms, respectively) as the WT CyaA toxin (974 = 39 ms) (Figure 20D).

It can thus be concluded that the single mutations G934L and N936L inserted into the
block Il of the acylated segment of CyaA strongly affected the ability of the CyaA-G934L
and CyaA-N936L toxins to correctly bind/insert into the asolectin bilayer and/or the
propensity of the mutant toxins to form oligomeric pores with the same frequency as the
WT toxin. However, once inserted to the membrane, the CyaA-G934L and CyaA-N936L
variants formed pores with similar single pore conductance states and lifetimes as the WT
CyaA.

4.6 Construction, isolation and purification of CyaAgos-1008 Variants

The pT7CACT1-derived plasmids (section 4.1) were used to PCR amplify nucleotide
sequences encoding the C-terminal part of the acylated segment of CyaA (residues 908-
1008) with the single (N936L) or multiple substitutions (D915L+D917L+D918L and
G931L+G932L+G934L). The PCR products were placed into the plasmid pT7CT7cyaC-
cyaAqos-100s INStead of a sequence encoding an intact CyaAgos-1008 polypeptide (Figure 13).
In parallel, the DNA sequences encoding CyaAagos-1008 Variants were fused in frame to a
specific sequence encoding an N-terminal double-hexahistidine tag. The presence of the
desired substitutions and the absence of any unrelated additional mutations were
confirmed by sequencing. The resulting plasmids allowed the expression of the WT
CyaAgos-1008 polypeptide and its mutant variants in the presence of the activating
acyltransferase CyaC in E. coli BL21/pMM100 cells. The CyaAagos-1008 polypeptides were
then isolated from inclusion bodies of disrupted bacteria, purified on Ni-NTA agarose
columns and concentrated on Phenyl-Sepharose columns. Finally, the collected
polypeptide fractions were analysed by SDS-PAGE (Figure 21).
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Figure 21. Analysis of the purified CyaAss-1008 polypeptides by SDS-PAGE. The plasmid
pT7CT7cyaC-cyaAgos-100s and three pT7CT7cyaC-cyaAqos-100s-derived constructs were used for
the production of CyaAaggs-100s and its mutant variants in E. coli BL21/pMMZ100 cells. The proteins
were purified close to homogeneity from urea-solubilized inclusion bodies by affinity and
hydrophobic chromatography on Ni-NTA agarose and Phenyl-Sepharose, respectively. The
samples were analysed on 18% polyacrylamide gel and stained with Coomassie Blue. St,
molecular mass standards.

Previously, it was demonstrated that the posttranslational modification of internal lysine
residues (K860 and K983) within conserved acylated sites by covalent attachment of fatty
acyl residues is crucial for CyaA cytotoxic activities [177,219,253]. Since the second
acylation site with the residue K983 is present in the CyaAagos-1008 Variants, the acylation
pattern of the purified CyaAaos-1008 vVariants was analysed by liquid chromatography-mass
spectrometry (LC-MS) (performed at the Centre of Molecular Structure Core Facility,
Biocev, Vestec, Czech Republic). As summarized in Table 7, WT CyaAagos-1008 activated
by its cognate acyltransferase CyaC exhibited a predominant acylation with palmitoyl
(C16:0) and palmitoleyl (C16:1) chains at the K983 residue (~89%).

Table 7. Acylation status of the CyaAqos-100s Variants modified by the CyaC acyltransferase

CyaAagos-1008 CyaAgos-1008- CyaAgos-1008- CyaAgos-1008-
Acyl chain* D915L+D917L+ N936L G931L+G932L+

D918L G934L

K983 K983 K983 K983
None 0 43 0 8
C14:0 2 1 0 1
C16:0 28 4 22 20
C16:1 61 49 59 62
Ci18:1 10 2 19 9

*The CyaAgos-1008 Variants were produced in the presence of the CyaC acyltransferase in E. coli
BL21/pMM100 cells, purified close to homogeneity and analysed by LC-MS. Percentage distributions of
fatty acyl chains linked to the ¢ -amino groups of the lysine residue K983 were estimated semi-
quantitatively, from the relative intensities of selected ions in reconstructed ion current chromatograms.
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A small proportion of the molecules was also modified by myristoyl (C14:0) and
octadecenoyl (C18:1) chains linked to the K983 residue (~12%). As further summarized
in Table 7, the acylation status of the K983 residue on both CyaAgos-100s-N936L and
CyaAagos-100s-G931L+G932L+G934L strongly resembled the acylation status of the WT
polypeptide. In contrast, the K983 residue of CyaAgos100s-D915L+D917L+D918L was
primarily modified with the C16:1 chain (~49%) and residually with the C14:0, C16:0
and C18:1 chains (~7%). The rest of the molecules remained unacylated (~43%) (Table
7).

4.7 CD spectroscopy of CyaAgos-1008 Variants

CD spectroscopy is a powerful technigue based on the differential absorption of left and
right circularly polarized light by an optically active molecule. It has been extensively
used for determining the secondary structure of proteins and to monitor conformational
changes due to inserted mutations, among other factors [254]. In this work, CD
spectroscopy was employed to detect the interaction of the polypeptide CyaAgos-1008 With
the divalent cation Ca?* and to analyse the effect of the CyaAgos-100s - Ca®* interaction on
the secondary structure of the molecule.

The CyaAaqos-1008 polypeptide was diluted at least 15 times with 50 mM NaCl, 20 mM
Tris-HCI (pH 8.0) to reduce the urea concentration under 0.5 M and calcium chloride was
stepwise added to the quartz cell in the concentration range 0 to 1500 puM. As
demonstrated in Figure 22, binding of calcium ions to CyaAgos-1008 Occurred in a
cooperative way.
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Figure 22. Far-UV CD spectra of CyaAgss-100s in the presence of increasing concentrations
of calcium ions. CyaAgos-1008 Was incubated with stepwise increasing concentrations (0 to 1500
pHM) of CaCl,. Each spectrum represents the average of 3 accumulations, carried out at 25 °C
between 200 and 260 nm at 1 nm/sec.
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In the absence of calcium ions, the polypeptide shows a partially unfolded
configuration, indicated by the negative peak at 205 nm (as result of the n-n* band of the
amide bound). However, significant secondary structures are observed in both the n-r*
and n-m* bands, especially in the later as indicated by the negative peak (hump) at
approximately 217 nm, which is characteristic of beta structures. Binding of calcium ions
induced folding of the molecule, evidenced by a reduction in the intensity of the negative
peak at 205 nm hence of the random coils content (Figure 22). At the same time, the
overall secondary structure of the molecule evidenced conformational changes upon
addition of calcium ions.

To assess the contribution of the predicted calcium-binding sites, we used for CD
measurements the CyaAagos-1008 polypeptides with introduced mutations in both block I
(D915L+D917L+D918L) and block Il (G931L+G932L+G934L or N936L) of the
acylated segment. CyaAgos-1008-D915L+D917L+D918L showed a well folded
conformation even in the absence of calcium ions, and the obtained spectrum suggests
the presence of beta structures predominantly due to the significant negative peak at 218
nm and the absence of evident peak at 205 nm (Figure 23A). Despite the obvious
difference with the WT CyaAqos-1008 polypeptide, the calcium binding character was kept.
Increasing concentrations of calcium ions induced changes in the secondary structure of
the protein. However, instead of an increase in the intensity of the signal, the tendency is
toward a reduction of secondary structure content. This phenomenon could suggest that
the molecule in solution has a collapsed conformation, and after binding of calcium, some
flexible but still collapsed structures are formed.
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Figure 23. Far-UV CD spectra of the CyaAqus-1008 Variants in the presence of increasing
concentrations of calcium ions. The CyaAgos-100-D915L+D917L+D918L (A), CyaAgos-1008-
G931L+G932L+G934L (B) and CyaAgs-1008-N936L (C) polypeptides were incubated with
stepwise increasing concentrations of CaCl, (0 to 1500 puM). Each spectrum represents the
average of 3 scans from determinations performed with two different toxin preparations, carried
out at 25 °C between 200 and 260 nm at 1 nm/sec.

In the case of CyaAgos-100s-G931L+G932L+G934L, a similar tendency was observed
(Figure 23B). The overall structure seemed to be a mixture of alpha and beta structures
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with random coils, but with significant better compaction compared to the precursor
polypeptide. CyaAgos-1008-N936L, in the other hand, did not show extraordinary changes
upon addition of calcium ions (Figure 23C). Subtle variations in the spectra corresponded
to the different studied concentrations of calcium ions, but in general the polypeptide
showed almost no changes in the content of secondary structures, compared to the WT
CyaAgos-1008 Polypeptide.

These results indicate that the C-terminal part of the acylated segment of CyaA binds
calcium ions. Interestingly, this binding can be completely abolished by the single
substitution N936L introduced into the acylated segment.
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5. DISCUSSION

In this work, we have investigated whether two blocks of amino acid residues located
in the acylated region of CyaA could form the predicted calcium-binding sites. Using site
directed-mutagenesis of these two blocks, we studied the impact of the introduced
mutations on CyaA membrane binding, AC invasive and hemolytic (pore-forming)
activities. We reported that single and multiple substitutions within block |
(D915L+D917L+D918L) and block 11 (G934L, NO936L, D930L+N936L and
G931L+G932L+G934L) of the acylated region of CyaA impaired the capacity of the
toxin to bind and translocate its AC domain across the membrane of target cells, as well
as the hemolytic activity of the toxin. While the individual substitutions of the residues
D915, D917 or D918 by a leucine residue did not affect the binding, invasive and
hemolytic activities of CyaA, these substitutions, when inserted together
(D915L+D917L+D918L) to one toxin molecule, abolished almost completely the
activities of the toxin. This suggests that the residues D915, D917 and D918 have a
synergistic role in the activities of CyaA. In fact, when introduced in the same CyaA
molecule, the leucine substitutions on the aspartate residues might disrupt the
characteristic calcium-binding aspartate and glycine-rich nonapeptide repeat of a
consensus sequence GGXxGxDxxx. This can impair somehow the folding of the CyaA
molecule, thus compromising its activity. Indeed, purified CyaA proteins that were stored
in 8 M urea (being for this reason denatured), were renatured before the activity
experiments in the presence of 2 mM CaCl». Binding of calcium ions leads to the folding
of the CyaA molecule (from the C- to the N-terminus) and is one of the requirements for
the activity of the toxin, beyond the post-translational modification of the lysine residues
K860 and K983, with the acylation on K983 residue being more important for the activity
of the toxin than on the K860 residue [217].

The CyaA-N936L, CyaA-D930L+N936L and CyaA-G931L+G932L+G934L variants
exhibited strongly reduced activities on both sheep erythrocytes and THP-1 cells.
However, these constructs bound preferentially the THP-1 cells expressing the receptor
CD11b/CD18, suggesting that the interaction with the receptor facilitated their binding to
the cell surface, although it did not promote their capacity to deliver the AC enzyme
across the cell membrane. This indicates that the introduced mutations did not affect the
integrity of the CD11b/CD18-binding site of CyaA located between residues 1166 to 1287
of the RTX domain [160], but most likely compromised the structure of the AC to Hly-
linking segment (residues ~400-500) and/or of the pore-forming domain (residues ~500-
700) that have been shown to be crucial and sufficient for translocation of the AC domain
across the cell membrane [250]. In addition, the single substitutions of D930, G931 or
G932 by a leucine residue did not affect the binding, AC invasive and hemolytic activities
of the CyaA mutant variants on both cell types used. Hence, it indicates that the
substitution N936L in the CyaA-D930L+N936L construct and the substitution G934L in
the CyaA-G931L+G932L+G934L construct are the mutations with the major impact on
the biological activities of the toxin.

Previous experiments with black lipid membranes made of asolectin have shown that
CyaA interacts with target membranes and forms pores within seconds [186,255,256].
Moreover, the type of the pores formed by CyaA as well as their voltage dependence are
determined by the orientation of the electrical potential across the membranes with
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respect to the addition of the toxin [211]. CyaA pores on artificial membranes behave as
frequently opening and closing membrane channels, which likely arises by an association
equilibrium between non-conducting CyaA monomers and subsequent aggregation of the
CyaA monomers into conducting oligomers [257]. Opening of these pores permeabilizes
cells for potassium efflux and can eventually lead to colloid-osmotic cell lysis due to the
influx of ions and water [186,207,257].

We report here that the overall pore-forming activity of the CyaA variants with the
substitutions G934L and N936L on asolectin membranes was very low, which was in
agreement with their non-hemolytic activity on erythrocytes. However, once the toxins
have inserted into the planar lipid bilayer at a low frequency, the substitutions in the CyaA
molecule did not affect anymore the conductance and lifetime of single pores formed by
the CyaA-G934L and CyaA-N936L variants, since these exhibited quite similar
properties as single pores formed by the WT CyaA. This shows that the leucine
substitutions of the G934 and N936 residues of CyaA affected the ability of the mutant
toxins to bind/insert into the membrane and to form oligomeric pores, but not the structure
of the pores itself.

The acylation status of the CyaAgos-1008 polypeptide and its mutant derivatives was
assessed by LC-MS. We found that palmitoylation (C16:0) and palmitoleylation (C16:1)
are the two major posttranslational modifications not only of the K983 residue of WT
CyaAagos-1008, but also of the CyaAgos-1008-G931L+G932L+G934L and CyaAgos-1008-
N936L variants. This is in line with previous observations, where the K983 residue of the
recombinant CyaA isolated from E. coli K12 was both palmitoylated and palmitoleylated
at a ratio of ~1:2 [218]. In contrast, the CyaAgos-1008-D915L+D917L+D918L was
predominantly palmitoleylated on the K983 residue (~49%) and a significant part of the
molecules (~43%) remained unacylated. Modification by C16:0 acyl chains was
negligible in CyaAgos-1008-D915L+D917L+D918L (~4%).

As deduced from the CD spectroscopy experiments, binding of calcium ions to the
CyaAgos-1008, CyaAgos-1008-DI15L+D917L+D918L and CyaAgos-1008-G931L+G932L+
+G934L constructs induced the folding of the molecules. WT CyaAgos-1008 Showed a
flexible conformation, mainly formed by random coil with some content of alpha and beta
structures. In the case of the derived mutants, the overall conformation was more
collapsed, indicating a remarkable effect of the mutations in the secondary structure
content and the polypeptide conformation. While in the WT CyaAgos-1008 polypeptide
increasing concentrations of calcium ions reduced the random coils content, in the two
variants mentioned above, binding of calcium ions reduced the secondary structure
content of the polypeptides as an overall effect, evidenced by the reduction in the intensity
of the negative peak at 218 nm (characteristic of beta structures) without appearance of a
negative peak at 205 nm (proper random coil). Thus, the reduction in the content of
secondary structures, mainly beta structures, in the polypeptides with mutations in block
I (D915L+D917L+D918L) or block Il (G931L+G932L+G934L) of the acylated segment
of CyaA strongly suggests that the introduced mutations compromise two putative
calcium-binding sites located in these blocks. Indeed, from the recently solved X-ray
structure of the CyaAis29-1681 fragment comprising the RTX block V, we know that the
first six residues of the RTX motif (GGxGxD) constitute a turn with bound calcium ion,
while the last three non-conserved residues (xxx) form a short beta strand, and that the
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consecutive tandem repeats that bind calcium (GGxGxDxxx) form together a regular
right-handed helix of parallel beta strands [184]. Assuming that this is also the case of the
two putative calcium-binding sites of the acylated region of CyaA, the reduction in the
content of beta structures makes more sense now.

In contrast, CyaAaos-1008-N936L did not fold in the presence of calcium, which suggests
that binding of calcium is completely abolished by the single mutation. The substitution
of the asparagine residue (neutral and polar) by a leucine residue (neutral and nonpolar)
cannot explain the strikingly lack of reactivity of the polypeptide in the presence of
calcium ions, as these amino acid residues have quite similar structures. Furthermore, as
evidenced by the LC-MS experiments, CyaAoos-1008-N936L is acylated on the K983
residue as the WT polypeptide. A plausible hypothesis would be that the N936 residue,
which is located in block Il of the acylated region of CyaA, represents an evolutionary
advantage of CyaA towards other related RTX toxins. In fact, if we have a look at Figure
10, we can notice that in the block I of CyaA the nonapeptide repeat is conserved and it
is of the prototype GGxGxDxxx, while in the second block the aspartic acid residue is
replaced by an asparagine residue (GGxGxNxxx). This happens only in CyaA and not in
the other related toxins (Figure 10). Recalling previous results, we observed that the full-
length CyaA-N936L construct was unable to bind, translocate its AC domain and release
hemoglobin from target cells. Moreover, it was pretty much inactive also on planar lipid
bilayers made of asolectin, even at concentrations higher than 250 pM. Taken together,
these results suggest that the N936 residue stabilizes in such a way the structure of both
predicted calcium-binding sites of block I and 11 of the acylated segment of CyaA that if
we replace it by a leucine residue, the two binding sites lose their capacity to bind calcium
ions. Solving the tertiary structure of CyaAoos-1008 and its mutant variants by nuclear
magnetic resonance (NMR) spectroscopy and/or X-ray crystallography would help
deciphering this enigma.

55



6. CONCLUSIONS AND FUTURE PERSPECTIVES

Strong evidences indicating the existence of two calcium-binding sites located in the
acylated segment of CyaA were described in this study for the first time. CyaA-derived
proteins carrying substitutions in both block I and Il of the acylated segment of CyaA
were prepared. Some substitutions abolished the activity of the mutant toxins on cells
expressing or lacking the CD11b/CD18 receptor and compromised the overall membrane
activities of the mutant toxins on black lipid membranes. The CyaAgos-1008 Variants
carrying critical mutations in the predicted calcium-binding sites were constructed for
further evaluation of the acylation status and formation of secondary structures by LC-
MS and CD spectroscopy, respectively. The CyaAgos-1008-N936L and CyaAgos-1008-
G931L+G932L+G934L variants were shown to be acylated like the WT CyaAgos-1008
polypeptide, exhibiting a predominant acylation with palmitoyl and palmitoleyl chains at
the K983 residue. However, the CyaAgos-100s-D915L+D917L+D918L variant was only
partially acylated by palmitoleyl chains and ~43% of molecules remained unacylated on
the K983 residue. From CD experiments, it can be concluded that increasing
concentrations of calcium ions induced changes in the secondary structure of the CyaAgos-
1008, CyaAogos-100s-D915L+D917L+D918L and CyaAgos-1008-G931L+G932L+G934L
polypeptides. In contrast, CyaAasons-100s-N936L did not fold in the presence of calcium
ions, indicating that the binding of calcium ions is completely abolished by the single
mutation.

Despite the availability and worldwide use of pertussis vaccines, whooping cough
remains the least-controlled vaccine-preventable disease, even in countries with high
immunization rates that have experienced a rise in pertussis cases in the past years. The
findings of this study represent an important contribution to understand the biological
mechanism of action of CyaA produced by B. pertussis. This could be useful for the
development of more effective pertussis vaccines, namely that can interrupt the vicious
cycle of colonization and transmission of the bacterium, something that the current aP
vaccines fail to achieve.

Futures perspectives would involve the development of a more efficient system/method
for the expression of CyaAqes-1008 and its mutant variants that would allow obtaining
higher amounts of these polypeptides for NMR spectroscopy and X-ray crystallography,
enabling to solve their three-dimensional structures. Moreover, it would be interesting to
experimentally determine whether other related RTX toxins also possess two calcium-
binding sites located in the corresponding acylated regions of the toxin molecules. Indeed,
a previous study have shown that similarly to CyaA of B. pertussis, the a-hemolysin of
E. coli exhibited a calcium-independent hemolytic activity after being previously exposed
to calcium ions. The activation of HIyA by calcium ions and subsequent activity, even in
the presence of EGTA, strongly suggested that the toxin binds calcium ions to high-
affinity calcium-binding sites [258].
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8. Appendix
Site-directed PCR mutagenesis of the cyaA gene

The strategy employed to introduce substitutions to the cyaA gene (Figure 24) was
based on an initial analysis of unique restriction cutters (enzymes) of the pT7CACT1
plasmid closer to a site of the substitution, preferably carrying a hexanucleotide restriction
site, using the bioinformatic tool WatCut, University of Waterloo [259]. A set of mutated
primers was manually designed for the amplification of the initial PCR fragments (Table
8 and Table 9). Also, in order to join the two previously amplified fragments a second
PCR reaction was carried out with two primers flanking the cloning region of the cyaA
gene (Table 10).

a— cX- cyaA
%D > 0
PCR #1
Primersa+b,c+d
AB +
CD
+
\ PCR #2
Primersa +d
— AB
i _____ oo - = - == =

L4 AD

Insert into

expression vector
sequence to verify mutation

/— q y

pT7CACT1

Figure 24. Schematic drawing of the site-directed PCR mutagenesis of the cyaA gene.
Plasmid pT7CACT1 was used as the template. Two external primers (flanking the cyaA gene
fragment) and two internal primers (each containing one or more mutated nucleotide/s) were used
to generate PCR products AB and CD in separate reactions. The primers were designed to create
an overlap region in the two PCR fragments. In the second PCR, purified PCR products AB and
CD served as templates. The two external primers were used to amplify the full-length product
(fragment AD).
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An example of PCR reactions for the substitution G914L.:

Table 8. Components of PCR 1A Table 9. Components of PCR 1B
Fragment 1A Fragment 1B
Mutation G914L Mutation G914L
0.5 pl template pT7CACT1 0.5 ul template pT7CACT1
10 pl 5xQ5 Buffer HF 10 ul 5xQ5 Buffer HF
10 pl GC Enhacer 10 ul GC Enhacer
21 pl water 21 pl water
5 ul 2mM dNTPs 5 ul 2mM dNTPs
15 pl 10 uM FOR 1791-SegFor- 15 ul 10 uM FOR G914Lfor
primer CyaA primer
15 pl 10 uM REV G9l4Lrev 15 pl 10 uM REV XholRev2
primer primer
05 ul Q5 DNA 05 ul Q5 DNA
Polymerase HF Polymerase HF

> 50 pl 2 50 pl
bp 958 bp 303

Cycles of PCR 1A/B:

98 °C 30"

98°C 10"

54°C 30"

72°C 45"

30x repetition of cycles 2-4
72°C 10

4°C  Kkeeping

No akowbdpE
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Table 10. Components of PCR 2

Fragment

Mutation

5 ul template

5 ul template

10 pl 5xQ5 Buffer HF
10 ul GC Enhacer

11 pl water

5 ul 2mM dNTPs

15 w 10 uM FOR
primer
15 ul 10 uM REV
primer
1 ul Q5 DNA
Polymerase HF

> 50 ul

Cycles of PCR 2:

1. 98°C 307
98°C 10"
52°C 307
72°C 45"

72°C 10

Noabkowd

4°C  keeping

1
G914L
4A

4B

1791-SegFor-CyaA

XholRev2

1240

30x repetition of cycles 2-4
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